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Microencapsulation is a method that is commonly used in the food and 
pharmaceutical industries for various purposes that include controlled release and 
protection of sensitive materials from degradation. It has been found to be a useful 
way to retard the oxidation process and improve the handling properties of ω-3 
polyunsaturated fatty acids present in fish oils. Various wall materials and 
methods have been used for the microencapsulation of fish oils. Although 
alginates have wide pharmaceutical applications as excipients and formulation 
aids in many drug delivery systems, little information is available on its use as a 
wall material for oil encapsulation, especially by spray drying. This provides the 
impetus for the present study. Microencapsulated products generally need to be 
intact to carry out their functions. However, the mechanical properties of oil-
loaded microspheres are not well characterized. This warrants further 
investigations to be conducted. 
 
Process analytical technology (PAT) has been applied to pharmaceutical processes 
for the purposes of quality improvement and improved process understanding. 
The particle size distribution of a pharmaceutical product is an important quality 
characteristic, and PAT has been applied to milling and crystallization processes 
for real-time monitoring of particle size. However, little scientific literature is 
available on its application to particle sizing during spray drying. It was therefore 
of interest to explore the feasibility of applying an in-process particle sizer as a 
PAT tool to the spray drying operation during microsphere production.  
 
 x 
Fish oil-containing emulsions consisting of blends of alginate and modified starch 
as wall material were spray dried at conditions optimized to produce microspheres 
with the highest microencapsulation efficiencies and yield. The properties of the 
microspheres, such as size and morphology, true density, flow and specific surface 
area, were evaluated. In addition, storage stability studies were carried out to 
assess the protective capability of the microsphere matrices composed of different 
alginate type and content. The mechanical properties of the microspheres were 
further investigated through compression studies. 
 
Partial substitution of modified starch with alginate produced microspheres which 
generally performed better in terms of oil holding and oxidative protective 
capabilities. This could be due to the formation of larger and microspheres with 
the incorporation of alginate into the microsphere wall matrix. It also resulted in a 
product with better flow and yield. However, between the 2 grades of alginate 
studied, Manucol LB appeared to perform better in these aspects. The addition of 
alginate also made the microspheres more resistant to compression. Application of 
an in-process particle size analyzer during the spray drying process allowed the 
elucidation of real-time information regarding microsphere size changes 
especially during process start-up and shut-down.  For highly agglomerated 
products like the microspheres produced in the present study, an at-line set-up was 
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Microencapsulation is the process of enclosing solids, liquids or gases within 
envelopes of protective shell materials. It involves the formation of a retentive 
wall or shell around the core material. Depending on the method of 
microencapsulation employed, the morphology of microparticles produced can 
generally be divided into two main categories: matrix (Fig 1a) and reservoir (Fig 
1b) types. Matrix-type microparticles are usually termed microspheres, while 
those with reservoir-type structures are commonly known as microcapsules. 
However, a wide variety of intermediate morphologies are possible, and examples 
are illustrated in Figures 1c and d. The typical size range of microparticles is 1 to 
2000 µm (Deasy, 1984; Arshady, 1993). 
 
 
A1. Significance of microencapsulation 
Microencapsulation is commonly employed in food and pharmaceutical industries 
for a variety of reasons. These include controlled and/or site-specific release of 
drugs (Anal et al., 2006; Krishnamachari et al., 2007; Mladenovska et al., 2007), 
protection from external environmental conditions like light, moisture and oxygen 
(Takeuchi et al., 1992; Lin et al., 1995a; Bustos et al., 2003; Kagami et al., 2003), 
reduction of volatile oil or flavour loss (Bhandari et al., 1992; Sheu and 
Rosenberg, 1995; Shiga et al., 2001), masking of certain undesirable properties of 
the material like unpleasant taste or odour (Weiß et al., 1995; Bruschi et al., 2003), 
improving the bioavailability of lipophilic drugs (Jizomoto et al., 1993; Mu et al., 
 2 
2005) and protection of sensitive components like proteins, enzymes and DNA 
from degradation (Johnson et al., 1997; Genta et al., 2001). An additional benefit 
in the microencapsulation of liquids or oily materials is the improvement of 
handling properties with the conversion of the product from a liquid form to a dry, 





Figure 1. Diagrammatic representation of different microparticle morphologies:       
(a) matrix type; (b) reservoir type; (c) polynuclear type; (d) microencapsulated 




A2. Microencapsulation of oils 
Many compounds of interest in the pharmaceutical, food, cosmetic and 
agricultural industries are administered or exist in the oily form. As mentioned in 






emulsion form for improved bioavailability. Essential oils and flavours are 
commonly used as food additives for improving the taste or aroma of the foods to 
which they are added (Arshady, 1993; Shahidi and Han, 1993). Lipids and oils 
containing polyunsaturated fatty acids are used as food additives and health 
supplements (Shahidi and Han, 1993). Some pesticides and animal repellants can 
be oils or mixtures of essential oils (Boh et al., 1999; Kulkarni et al., 2000). All 
the above compounds can potentially be or are already formulated as 
microspheres or microcapsules. 
 
 
A3. Fish oils and polyunsaturated fatty acids (PUFAs) 
In recent years, fish oils have gained popularity not only as nutritional 
supplements but also as pharmacological agents with potentially beneficial 
clinical effects. They are abundant in long-chain ω-3 PUFAs, mainly 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Fig 2), which are 
precursors to a group of physiologically important compounds termed eicosanoids. 
Eicosanoids are hormone-like substances involved in various biological processes 
like blood clotting and modulation of blood pressure and immune responses. EPA 
and DHA are also found to be concentrated in human cell membrane 
phospholipids, especially those in vital organs like the heart and brain. It was 
postulated that with suitable levels of EPA and DHA supplementation, it is 
possible to prevent the occurrence or progression of a wide spectrum of disease 





















Numerous experimental and clinical studies have been published on the effects of 
EPA and DHA on the cardiovascular system. A prospective, randomized clinical 
trial on the effects of EPA and DHA on patients who had experienced a recent 
myocardial infarct concluded that cardiovascular mortality was  reduced by  daily 
administration of the ω-3 PUFAs (GISSI-Prevenzione Investigators, 1999). This 
finding was also supported by other researchers, who found positive correlations 
between ω-3 PUFA supplementation and the reduction in mortality from sudden 
cardiac death (Albert et al., 2002; Lemaitre et al., 2003). An expert round table 
discussion on the relationship between ω-3 PUFA consumption and coronary 
heart disease concluded that drug treatment with 1g/day of ethyl esters of EPA 
and DHA in patients who had experienced myocardial infarction was useful in 
reducing cardiac mortality. It also suggested that patients with hypertension, 




transplantation would benefit from ω-3 PUFA administration (Nordøy et al., 
2001). 
 
The role of ω-3 PUFAs in inflammation and autoimmune diseases has also been 
explored. EPA competes with arachidonic acid for metabolic pathways leading to 
the production of inflammatory and chemotactic compounds, thereby resulting in 
a less pronounced inflammatory response. Many clinical trials have been 
conducted to determine the effects of ω-3 PUFA on inflammatory disease states, 
especially rheumatoid arthritis, inflammatory bowel disease, asthma and psoriasis 
(Horrocks and Yeo, 1999; Calder, 2001; Simopoulos, 2002). It was found that ω-3 
PUFA supplementation was generally beneficial to patients with these conditions. 
 
ω-3 PUFAs have also been found to play a significant role in the human brain and 
cognitive function even from the foetal stage of life. This could be due to the fact 
that DHA is the predominant structural fatty acid in the human brain and retinal 
tissue, and is essential for their growth, development and maintenance (Neuringer 
et al., 1988; Horrocks and Yeo, 1999; Lauritzen et al., 2001; Kotani et al., 2006). 
The role of ω-3 PUFAs in disease states like dementia and Alzheimer’s disease 
and psychiatric disorders including depression and schizophrenia has also been 
explored. Although positive outcomes were reported in most cases, the focus was 
more on ω-3 PUFA supplementation rather than on its usage as a standalone 
treatment (Arvindakshan et al., 2003; Morris et al., 2003; Su et al., 2003; Freund-
Levi et al., 2006; Parker et al., 2006; Sontrop and Campbell, 2006; Das, 2008).  
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Commercially available formulations of EPA- and DHA-containing products are 
predominantly purified marine oils filled into soft gel capsules or formulated as 
emulsion form. They are generally marketed as health or nutritional supplements 
rather than as medicinal products. From the manufacturing point of view, capsules 
are relatively expensive as a dosage form compared to tablets. In addition, animal 
gelatin sources may pose problems with consumer or patient acceptability due to 
dietary or religious reasons. Besides stability issues, the emulsion form is bulky 
and less easily or accurately administered than a solid dosage form. Due to their 
polyunsaturated nature, EPA and DHA are also prone to oxidation, which can give 
rise to rancid and toxic by-products. As such, there is a need to develop alternative 
dosage forms for EPA and DHA delivery that are not only easily administered, but 
also provide the function of oxidative stabilization. 
 
 
A3.1 Microencapsulation of fish oils 
Fish oils have been microencapsulated using a variety of ingredients and methods 
for the purpose of oxidative protection and for ease of incorporation into food 
products like enriched bread and infant formula (Kolanowski and Laufenberg, 
2006). Spray drying was used to microencapsulate fish oil by a number of 
researchers using protein-based wall materials with or without blending with 
maltodextrin (Keogh et al., 2001; Hogan et al., 2003; Kagami et al., 2003; Baik et 
al., 2004). Modified cellulose (Kolanowski et al., 2004; Kolanowski et al., 2006), 
chitosan (Klinkesorn et al., 2005) and derivatized starch (Drusch and Berg, 2008) 
have also been employed as wall materials for fish oil encapsulation by spray 
drying. Other methods like freeze drying (Heinzelmann and Franke, 1999; 
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Márquez-Ruiz et al., 2000; Klaypradit and Huang, 2008) and enzymatic gelation 
(Cho et al., 2003) have also been used.  
 
The different wall materials and encapsulation methods varied in their degrees of 
usefulness in terms of their microencapsulating and protective abilities. However, 
direct comparisons among the merits of each system were difficult due to the 
different oil loadings and characterization methods employed. Oil loadings used 
ranged from 25 to 100 %. The encapsulation of higher oil loadings has not been 
reported. In addition, there have been no reports on the use of alginate as wall 
material for fish oil encapsulation by spray drying. 
 
 
A4. Methods of oil encapsulation 
Many methods have been explored for the purpose of oil encapsulation. They can 
generally be classified as chemical or physical processes. 
 
 
A4.1 Chemical processes 
A4.1.1 Complex coacervation 
Complex coacervation is a commonly used method for oil encapsulation. It 
generally involves the emulsification of the oil within a hydrocolloid solution, 
followed by mixing with another oppositely charged hydrocolloid system to form 
a liquid polyelectrolyte complex termed the complex coacervate. The coacervate 
phase would be deposited around the oil and microcapsules would be formed 
through solidification of the coacervate by drying or cross-linking processes 
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(Shahidi and Han, 1993; Gouin, 2004). Various hydrocolloid systems have been 
studied, of which the gelatin/acacia system was the most common. It has been 
used for the microencapsulation of essential and flavour oils (Flores et al., 1992; 
Gouin, 2004; Chang et al., 2006), oily carriers for hydrophobic drugs (Jizomoto et 
al., 1993; Palmieri et al., 1999) and ω-3 PUFAs (Lamprecht et al., 2001; Jouzel et 
al., 2003).  
 
Other hydrocolloid systems employed include whey protein/acacia (Weinbreck et 
al., 2004), globulin/acacia (Ducel et al., 2004), gliadin/acacia (Ducel et al., 2004), 
gelatin/gellan gum (Chilvers and Morris, 1987) and gelatin/polyphosphate 
systems (Ribeiro et al., 1997). Microcapsules formed from complex coacervation 
generally had good oil retention properties. However, loss of water-soluble 
components from encapsulated fragrances tended to occur due to the presence of 
water in the external phase during microcapsule formation (Flores et al., 1992; 
Ribeiro et al., 1997). 
 
 
A4.1.2 Other processes 
Other less commonly used processes include interfacial polymerization (Yan et al., 
1994; Boh et al., 1999), emulsification (Chan et al., 2000), cross-linking (Kulkarni 
et al., 2000; Díaz-Rojas et al., 2004; Peniche et al., 2004) and simple coacervation 
(Bachtsi and Kiparissides, 1996; Mauguet et al., 2002). Most of the chemical 
methods were small-scale and their use in industrial or commercial applications 
may be limited by poor scalability, with generally small batch sizes. Some 
production methods also required the use of organic solvents, which reduced their 
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attractiveness as a method for microencapsulation of products intended for human 
consumption due to the possibility of residual toxicity and environmental concerns. 
 
 
A4.2 Physical processes 
Extrusion has been used for the encapsulation of sunflower oil (Yilmaz et al., 
2001) and flavour oils (Gunning et al., 1999). Freeze drying was found to be 
another useful method for oil encapsulation, especially for heat-sensitive materials. 
However, long dehydration periods of about 20 h were required. It was used to 
microencapsulate fish oil (Heinzelmann and Franke, 1999; Márquez-Ruiz et al., 
2000) and methyl linoleate (Minemoto et al., 1997). Molecular inclusions using ß-
cyclodextrin have also been used for the encapsulation of lemon oil (Bhandari et 
al., 1998; Bhandari et al., 1999) and meat flavour (Jeon et al., 2003). Spray drying 
is probably the most commonly used physical process in the industry for oil 
encapsulation, and this will be elaborated upon in the subsequent section. 
 
 
A4.2.1 Spray drying 
Spray drying is defined as “the transformation of feed from a fluid state into a 
dried particulate form by spraying the feed into a hot drying medium” (Masters, 
1991). In the case of oil encapsulation, the feed is usually an emulsion of the oil of 
interest as the discrete phase in a continuous phase containing the dissolved or 
dispersed wall or carrier material. Matrix-type microspheres are usually produced 
when spray drying is used as a method for oil encapsulation. 
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The process of spray drying can be broken down into four stages. 
a) Atomization of the feed into a spray of droplets 
This is the first stage of spray drying, and involves breaking up the feed by an 
atomizer into small droplets that can easily be dried. Different types of atomizers 
(rotary wheel, pressure nozzle and pneumatic nozzle) are available to achieve feed 
liquid breakdown, and the selection of an atomizer type depends on the 
characteristics of the feed and the qualities desired of the final product.  
 
b) Spray-air contact 
In this stage, the droplets enter the drying medium and are mixed with the drying 
air flow. There are generally two types of feed-drying air flow conditions: co-
current and counter-current. The former involves the droplets and drying air 
flowing in the same direction i.e. entering the dryer from the same end. This is a 
commonly used configuration and is advantageous especially for heat-sensitive 
materials. In the latter arrangement, the droplets and the drying air enter the dryer 
from opposite ends of the dryer. Although it is a more thermally efficient method, 
products are subjected to more heating effects. Some spray dryers incorporate 
both layouts and are termed mixed-flow dryers. 
 
c) Drying and particle formation 
After the droplets come into contact with the drying air, rapid moisture 
evaporation takes place. This initially occurs from the droplet surface, with 
continuous mass transfer of moisture from within the droplet. Eventually, a dried 
shell is formed and moisture evaporation continues at a slower rate until the final 
product is formed.  
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d) Separation of product from the drying air 
This is the final stage of spray drying where the dried product is collected. Most of 
the product is usually collected from the base of the drying chamber through 
gravitational effects, while fines entrained in the drying air can be harvested using 
a cyclone or filtration system.  
 
Spray drying is a one-step, continuous process, allowing ease of scale-up. It is also 
useful for the processing of heat-sensitive materials due to the very short exposure 
time of product to heat, which can range in the order of 5 to 100 s (Corrigan, 
1995). As such, it is a popular method for the microencapsulation of volatile oils 
and flavours (Bertolini et al., 2001; Bylaitë et al., 2001; Beristain et al., 2002; 
Apintanapong and Noomhorm, 2003). Many researchers have also used spray 
drying as a method to encapsulate polyunsaturated fatty acids, which are sensitive 
to heat and oxidation (Minemoto et al., 2002a, b; Kagami et al., 2003; Kolanowski 
et al., 2004; Drusch et al., 2006; Drusch and Berg, 2008). Spray-dried 
redispersible oil-in-water emulsions have also been studied as a means for 
improving the bioavailability of lipophilic or poorly water soluble drugs (Pedersen 
et al., 1998; Christensen et al., 2001). 
 
 
A5. Wall materials for oil encapsulation by spray drying 
Wall materials play an important role in oil encapsulation. They are major 
determinants of the quality and functionality of the encapsulated product. An ideal 
wall material should be highly water soluble, of low viscosity and possess film 
forming properties. It should also have sufficient emulsifying ability to produce 
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stable emulsions prior to spray drying. The wall material must be able to confer 
optimal protection to the encapsulated material and be capable of high loading 
efficiencies. On the other hand, it must be able to release the encapsulated material 
readily when required. In addition, it should be inert and not react with the other 
ingredients present. More importantly, from an industrial point of view, it should 
be soluble in solvents acceptable in the pharmaceutical or food industries, 
inexpensive and easily available from reliable sources (Shahidi and Han, 1993; Ré, 
1998; Desai and Park, 2005).  
 
 
A5.1 Starches and sugars 
Starches that have been oxidized or incorporated with lipophilic groups were 
generally found to have good emulsifying and oil retentive properties with low 
viscosities at high solids concentration (Shahidi and Han, 1993; Ré, 1998). 
Varavinit et al. (2001) encapsulated lemon oil with modified sago and tapioca 
starches, and found that the encapsulation efficiencies were comparable to that of 
gum Arabic. However, the type of starch modification was found to affect its 
functional properties, with lipophilic starches superior in emulsifying and oil 
retentive properties and oxidized starches performing better in terms of oxidative 
protection of the encapsulated material (Bangs and Reineccius, 1990a). Starches 
are more costly compared to some other wall materials like maltodextrins. 
 
Maltodextrins are hydrolyzed starches that are inexpensive and exhibit high 
solubilities with low viscosities in aqueous medium. However, they have very 
poor film forming and emulsifying properties and are generally unsuitable as oil 
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encapsulants when used alone (Shahidi and Han, 1993). Maltodextrins have been 
used in blends as matrix-forming materials to reduce the amount of the other more 
expensive wall material needed (McNamee et al., 2001; Minemoto et al., 2002b). 
Maltodextrins of higher average molecular weights or dextrose equivalents were 
found to offer better protection for encapsulated compounds against oxidation 
than low molecular weight maltodextrins due to the formation of denser oxygen 
barriers at higher molecular weights (Desobry et al., 1997). 
 
Sugars like lactose, maltose or sucrose have also been used as encapsulating 
agents due to their good solubilities and low cost (Konstance et al., 1995; 
Onwulata et al., 1995). Shiga et al. (2001) have also used cyclodextrins, which are 
cyclic molecules derived from starch, as encapsulants to form inclusion 
complexes for flavour encapsulation. Sugar beet pectin was also used in 




Gum Arabic has been the conventional gum of choice for the encapsulation of 
flavours and oils by spray drying due to its good solubility and emulsifying 
properties (Dickinson, 2003). Several studies have demonstrated the ability of 
gum Arabic to function as an emulsifier and encapsulant for volatile oils 
(Rosenberg et al., 1990; Kim and Morr, 1996; McNamee et al., 1998; Bertolini et 
al., 2001). However, due to its high cost and variable supply, researchers are 
looking for alternatives as well as to partially substitute gum Arabic with less 
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costly materials like maltodextrin to produce a composite encapsulation matrix 
(McNamee et al., 2001; Gharsallaoui et al., 2007). 
 
Mesquite gum has been proposed as an alternative material to gum Arabic. 
Goycoolea et al. (1997) did a comparison study between the two materials and 
found that although mesquite gum had high oil retentive properties (90.6 %), it 
was still lower than that achievable by gum Arabic (99.7 %). Other studies have 
also reported mesquite gum as being a good emulsion stabilizing and 
encapsulating agent (Beristain and Vernon-Carter, 1994; Beristain et al., 2001). It 
was also found to provide adequate protection of orange peel oil against oxidation 




Proteins, in particular whey protein and sodium caseinate, have been studied as oil 
encapsulants due to their amphiphilic properties. They have been used alone or in 
blends with other wall materials to encapsulate a variety of volatile and non-
volatile oils. Studies conducted on the use of sodium caseinate as wall material 
were able to demonstrate good encapsulating properties, especially when used in 
combination with carbohydrates (Fäldt and Bergenståhl, 1995; Hogan et al., 2001a, 
b). High volatile retention levels were also achieved with the use of whey protein 
as wall material (Sheu and Rosenberg, 1995; Rosenberg and Sheu, 1996). More 
recently, pea protein has also been proposed as a promising material for oil 
encapsulation (Pierucci et al., 2007).  
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In summary, a wide spectrum of polymers has been investigated with differing oil 
encapsulation abilities. The degree of protection conferred to the encapsulated 
material also varied. The choice of wall material was further complicated by the 
fact that one with high oil retentive properties may not be ideal for other functions 
like oxidative protection. This could be overcome in some cases by the use of 
blends of different wall materials. The effectiveness and functionality of the 
encapsulation system also depended on the ratio of encapsulated core to wall 
material, although higher oil loadings generally resulted in low encapsulation 
efficiencies. Direct comparisons between the merits of each wall system were 




Alginates are naturally occurring biopolymers that are generally accepted to be 
biocompatible and non-toxic. As such, they have been used in a wide range of 
pharmaceutical applications as excipients and formulation aids in controlled drug 
delivery systems, wound dressings and tissue engineering applications  (Shapiro 
and Cohen, 1997; Gombotz and Wee, 1998; Rowley et al., 1999; Tønnesen and 
Karlsen, 2002).  
 
Alginates originate from brown algae and consist of linear unbranched 
polysaccharides made up of D-mannuronic acid (M) and L-guluronic acid (G) 
residues. These residues are arranged in homopolymeric or heteropolymeric 
blocks, with homopolymeric regions of D-mannuronic blocks and L-guluronic 
acid blocks interspersed with heteropolymeric regions of alternating D-
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mannuronic and L-guluronic residues. The residues are linked by 1-4 glycosidic 
bonds which are equatorially and axially oriented in the mannuronate and 
guluronate blocks respectively (Fig 3) (Gacesa, 1988). The source from which the 
alginates are obtained determines the composition and length of the blocks, which 
in turn affects the physical and functional properties of the various grades of 
alginates. The molecular weight of the alginate is the primary determinant of the 
viscosity of alginate solutions (Gombotz and Wee, 1998).  
 
The use of alginates for oil encapsulation has largely been limited to cross-linking 
and emulsification methods. Kulkarni et al. (2000) used beads formed from the 
cross-linking between glutaraldehyde and sodium alginate for the delivery of an 
oily pesticide. Chan et al. (2000) studied the microencapsulation of wheatgerm oil 
and evening primrose oil using sodium alginate as wall material. The 
emulsification method was used in this case. Although successful oil 
encapsulation was achieved, these methods were limited by small batch size and 
difficulty in scaling-up of the operation. Certain chemicals and solvents used in 
these methods also limited their widespread and commercial application for oral 
dosage forms due to safety and environmental concerns. There is therefore a need 








































































Figure 3. Structure of alginate showing the (a) mannuronate residue,                   
(b) guluronate residue, (c) mannuronate block conformation, (d) guluronate block 
conformation and (e) heteropolymeric block conformation (adapted from Gacesa, 








To date, little information is available on the use of alginate as wall material for 
oil encapsulation by spray drying. It would be worthwhile to explore this aspect as 
alginates could be an alternative inexpensive, abundant and natural polymer to the 
currently used materials. The use of spray drying as a method of oil 
microencapsulation could further increase its commercial and industrial 
application, as it is a simple process and can be easily scaled-up. In addition, 
drying rates are much higher in spray drying which greatly improve the efficiency 
of the microencapsulation process. The duration of the process is also much 




B. Evaluation of oil-loaded microspheres 
Spray dried microspheres are produced for a wide spectrum of uses and for each 
application, requirements on microsphere quality may differ. In general, 
microspheres may be evaluated for their size distribution, morphology, moisture 
content, surface area and certain bulk properties like flow and packing density. 
Other particle parameters to be investigated depend on the specific functions 
required of the microparticles. For example, spray-dried emulsions can be tested 
for their reconstitutive properties (Christensen et al., 2001). Microencapsulated 
flavours can be subjected to sensory tests (Man et al., 1999). In the case of oil 
encapsulation, an important parameter to be assessed is the oil encapsulation 
efficiency of the encapsulant. The protective function of the microparticles is also 
assessed depending on the type of oil encapsulated. For polyunsaturated fatty 
acids, the ability of microencapsulation to protect against oxidation would be 
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evaluated (Lin et al., 1995b; Minemoto et al., 2002a, b). In the case of volatile oils, 
protection against evaporation would also be studied (Bangs and Reineccius, 
1990b; Partanen et al., 2002).   
 
 
B1. Mechanical strength 
Microparticles generally must be intact to be able to exert their required actions. 
For example, microparticles produced for controlled release purposes would lose 
their controlled release function once their external shells are damaged. As such, 
they must possess a certain degree of mechanical integrity under normal handling 
and processing conditions. Furthermore, microencapsulated products may also be 
formulated into tablets, as they are popular dosage forms due to their lower cost of 
production and widespread patient acceptability. In these cases, the microparticles 
must be able to withstand the forces involved during the tabletting process without 
functional damage to their walls. However, the mechanical properties of 
microparticles are not routinely evaluated in most studies involving 
microencapsulation, and no standard method has been identified for the purpose of 
evaluation or characterization of microparticle mechanical strength. 
 
 
B1.1 Single-microparticle studies 
Aulton et al. (1994) have measured the mechanical properties of single uncoated 
and coated ibuprofen-containing millispheres using a “Single Particle Crushing 
Assembly” that was originally used for deformation studies of crystals (Wong et 
al., 1988). The force required to cause a single millisphere to fracture under an 
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applied load was measured. Single microspheres were also compressed at the 
nanometer level using atomic force microscopy (Tan et al., 2004). In this case, the 
relationship between the force exerted by the cantilever tip and the indentation 
depth on the microsphere surface was used to derive the mechanical properties of 
the microspheres.  
 
The micromanipulation method has also been used in the study of the mechanical 
strength of single microparticles. The method involved squeezing of a 
microparticle between two parallel surfaces. Force measurements were obtained at 
specific points and the compression speed could be varied. Visual observation of 
the process was provided by an optical microscope coupled with the 
micromanipulator. A schematic diagram of the set up is given in Figure 4. Zhao 
and Zhang (2004) used this method to evaluate the mechanical properties of 
alginate microspheres. Chung et al. (2005) and Wang et al. (2005) have also 
characterized the mechanical strength of dextran-hydroxy-ethyl-methacrylate and 
alginate microspheres, respectively, using this method. Micromanipulation 
techniques were more commonly used to study the mechanical properties of 
microcapsules produced for tissue engineering and cell encapsulation purposes 
(Bartkowiak and Hunkeler, 2000; Blewett et al., 2000; Rehor et al., 2001; 
Wandrey et al., 2003; Zhao and Zhang, 2004).  
 
The above-mentioned techniques generally allowed the determination of the exact 
forces required for microcapsule deformation or bursting. It was also possible to 
visualize the deformation process through optical methods. However, certain 
limitations existed. Firstly, microparticles rarely functioned as a single entity, and 
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understanding of their behaviour in bulk would likely be more useful under most 
circumstances. Secondly, the material retained in the microparticles after 
compression was not quantified, which was an important indicator of microsphere 
quality. Lastly, it may be difficult to correlate the forces studied to the actual 







Figure 4. Diagrammatic representation of a micromanipulator set-up (adapted 







B1.2 Bulk-microparticle studies 
Heng at al. (2000) used a universal-testing machine for the controlled compaction 
of bulk alginate and alginate-hydroxypropylmethylcellulose microspheres 
containing a model drug. The drug release profiles of compacted and non-
compacted microspheres were compared to determine the effect of compaction 
pressure on microsphere performance. Morphological examination of the 
microspheres was also conducted under scanning electron microscopy. Other 
studies involving the tabletting or compaction of bulk microspheres were more 
focused on the effect of compression pressure on the tabletting process and the 
final tablet properties (Giunchedi et al., 2000; Comoglu et al., 2002; Berggren et 
al., 2004; Hansen et al., 2004).  
 
In a study conducted by Ohtsubo et al. (1991), a thin layer of insecticide-
containing microcapsules was compressed between two parallel glass plates and 
the percentage of broken microcapsules was determined from the ratio of 
insecticide present on the microcapsule surface before and after compression. In 
other cases, microcapsules were subjected to a standardized agitation test and the 
percentage of broken and unbroken microcapsules counted manually under a 
stereomicroscope (LeBlond et al., 1996; Darrabie et al., 2005). An osmotic 
pressure test has also been used to evaluate the mechanical stability of alginate 
microcapsules (Van Raamsdonk and Chang, 2001; Darrabie et al., 2005).  
 
Although these methods were more indirect than those used in single-microsphere 
studies, they could give a clearer indication of the functional properties of the 
microparticles in relation to their mechanical strength. However, it is not possible 
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to identify which is the best method due to the wide range of microparticle types 
and sizes studied. Rosiński et al. (2002) have attempted to compare microcapsule 
mechanical strength results obtained from different laboratories using different 
methods. The results obtained were generally comparable. To date, limited 
information is available on methods available for the evaluation of the mechanical 
properties of oil-loaded microspheres. 
 
 
C. Process Analytical Technology (PAT) 
C1. Definition of PAT 
PAT is defined by the United States Food and Drug Administration as “a system 
for designing, analyzing, and controlling manufacturing through timely 
measurements (i.e., during processing) of critical quality and performance 
attributes of raw and in-process materials and processes with the goal of ensuring 
final product quality” (http://www.fda.gov/cder/OPS/PAT/htm, accessed Dec 7, 
2005). The focus is on building quality into the product and decreased reliance on 
end-product testing before release. This requires the use of in-, on- or at-line 
instruments for the collection of “real-time” quality data throughout the entire 
manufacturing process. The final objectives include decreased cycle times and 
cost, increased efficiency and batch to batch consistency, improved process 






C2. PAT tools 
The need for rapid and continuous process monitoring and control necessitates the 
use of analytical methods or instruments with short response times requiring little 
or no sample preparation. In-line process analyzers involve mounting the 
instrument directly on the process line without any sample extraction. On-line 
process analyzers incorporate eductors which extract a portion of sample from the 
main line for measurement, after which the sample is either returned to the main 
line or discarded. At-line process analyzers are not directly connected to the 
process line but rather, are situated in close proximity within the production area 
and samples removed for testing as needed.  
 
Many PAT tools have been proposed and developed for various applications. 
Spectroscopic methods like near-infrared spectroscopy and Raman spectroscopy 
are the most commonly used tools and have been applied for identity checks and 
quantification of actives (Herkert et al., 2001; Baratieri et al., 2006; Kim et al., 
2007) and during pharmaceutical processing steps like powder blending and 
granulation for determination of blend homogeneity and moisture content 
respectively (Findlay et al., 2005; Skibsted et al., 2006). Imaging techniques have 
been explored for the monitoring and control of particle morphology in areas like 
crystal formation and granulation (Watano, 2001; Wang et al., 2008). Buschmüller 
et al. (2008) have also studied the use of microwave resonance technology for the 
in-line measurement of granule moisture content. Coupled with these instruments 
is the use of chemometric methods like design of experiment and multivariate 
analysis (Doherty and Lange, 2006; Lundstedt-Enkel et al., 2006) for the analysis 
of the vast amounts of data generated from the process monitoring instruments.  
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C3. PAT in particle sizing 
The particle size distribution is one of the most important defining characteristics 
in a powder or particulate system. It has great impact on both the nature and 
efficiency of the manufacturing process and the performance of the intermediate 
and finished products (Randall, 1995; Alderliesten, 2004). This necessitates an 
appropriate degree of characterization, monitoring and control which traditional 
sizing methods using bench-top laboratory instruments such as light microscopes 
and Coulter counters fail to suffice. This is especially so in large-scale industrial 
settings where high product throughputs with good quality are crucial. As 
traditional sizing methods and equipment are separate from the process stream and 
away from the production floor, “real-time” data collection for constant 
monitoring and feedback control is not possible. Several methods have been 
studied as potential PAT tools for particle size characterization, and will be 
introduced in the following sections. 
 
 
C3.1 Focused beam reflectance measurement (FBRM) 
FBRM has been developed as an in-process tool for the monitoring of dispersed-
phase systems. It has been used mainly for the monitoring of crystallization 
processes (Barrett et al., 2005; Birch et al., 2005; Sistare et al., 2005), although 
studies have also been published on its use in other processes like milling (Brenek 
et al., 2004) and suspension polymerization (Hukkanen and Braatz, 2003).  
 
FBRM is based on the principle of backward light scattering. Briefly, a laser beam 
is conducted through a rotating optics and the probe window to the dispersed 
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particles (test sample). Some of this light is back-scattered into the probe and is 
conducted back to the sensor through optical fibres (Fig 5) (Kail et al., 2008). The 
laser rotates with a constant velocity, and gives rise to a path length on the particle 
surface. The duration taken to detect the back scattering is proportional to the path 
length of the laser, which is termed the chord length. This is only a qualitative 
indicator of particle size, and models are used to calculate the particle size 
distribution from the chord length distributions. The FBRM probe can be directly 
inserted into the particulate medium without any sample extraction or 













C3.2 Laser diffraction 
Laser diffraction is considered as one of the standard techniques used in the 
laboratory for measuring particle size distributions, and is based on the 
relationship between the intensity and angle of the light scattered by particles. A 
typical laser diffraction instrument consists of a laser source, Fourier lens, detector 
and data acquiring and processing systems (Fig 6) (Black et al., 1996). The laser 
beam is scattered by particles crossing it and is focused by the Fourier lens onto a 
detector, which measures the intensities of both the incident and scattered light. 
These detector signals are then translated into particle size information by 
appropriate mathematical models (Xu, 2000).  
 
The adaptation of laser diffraction instruments for PAT use has gained popularity 
due to the high speed, good reliability and high reproducibility of laser diffraction. 
Crosley et al. (2001) have applied an on-line laser diffraction instrument to a 
milling facility. It was found that cost saving was achieved through reductions in 
cycle time and product wastage. Other studies have demonstrated the ability of the 
in-process laser diffraction instrument to detect process fluctuations and provide 
continuous feedback control (Harvill and Holve, 1993; Harvill et al., 1995). The 
usefulness of the laser diffraction instrument, however, can be limited by its 
general insensitivity to particle shape. This can be overcome by employing an 
appropriate optical model and detector (Ma et al., 2000). The accuracy of results 
obtained at high particle concentrations can also be affected due to multiple 
scattering effects, and an algorithm has been developed by Hirleman (1988) to 






Figure 6. Diagrammatic representation of a typical laser diffraction instrument 




C3.3 Imaging methods 
Imaging methods like light microscopy with image analysis have traditionally 
been used in the laboratory for visual inspection and analysis of particle size. It is 
useful in the initial stages of research and development where characterization of 
particle morphology is crucial. However, its applicability as a PAT tool is limited 
by its relatively slow response time in comparison with other techniques like laser 
diffraction. Laitinen et al. (2003) have demonstrated the potential use of a digital 
image analysis system for particle size characterization with shorter response time. 
Recent advances in imaging and image processing technologies have given rise to 
high speed imaging techniques mainly used for in-process shape control in 
crystallization, although  size measurements were also possible (Wang et al., 
2008).  Digital  imaging has also been combined with  electrostatic  sensors for the 
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C3.4 Other methods 
Besides the more commonly used methods mentioned above, other methods have 
also been proposed and studied for in-process particle size characterization. These 
include the use of electrostatic sensors (Zhang and Yan, 2003; Carter et al., 2005), 
springs (http://www.basictechnologies.gov.uk/site/projects/BTIASPRINGPS6Feb 
04.doc, accessed Dec 8, 2005), diffusing wave spectroscopy (Scheffold, 2002) and 
frequency-domain photon migration (Balgi et al., 1999). Other researchers have 
attempted to derive particle size results from more indirect spectroscopic methods 
like ultrasonic attenuation spectroscopy (Mougin and Wilkinson, 2002), near 
infrared spectroscopy (Higgins et al., 2003) and acoustic and electroacoustic 
spectroscopy (Dukhin and Goetz, 2001). These methods varied in usefulness and 
commercial success. The search is on-going for more reliable, cost-effective and 
user-friendly particle sizing methods for PAT applications, especially in large-
scale industrial settings.  
 
 
C4. PAT for microsphere sizing during spray drying 
As mentioned earlier, spray drying is a process commonly employed for 
microsphere production. Microsphere size can have direct and indirect effects on 
the functional and handling properties of the microencapsulated product. The 
application of PAT to the spray drying process using in-, on- or at-line particle 
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size analyzers could potentially result in greater process understanding and 
improvement in product quality. However, little scientific literature is available on 
the application of PAT for particle sizing in spray drying for microsphere 
production, unlike other processes like milling and crystallization. This provides 






























II. HYPOTHESES AND OBJECTIVES 
 
Alginates are commonly used in microencapsulation processes, but their use in 
spray drying has not been extensively explored. Alginates have also been found to 
be good oil encapsulating agents. Hence, it was hypothesized that the use of 
alginates as wall material can enhance the oil-loading capacities of microspheres 
produced by spray drying. In addition, the use of different alginate grades will 
affect the physicochemical characteristics and functional properties of the 
microspheres produced. 
 
PAT tools have been used in milling and crystallization processes for real-time 
monitoring of particle size changes, leading to improvement in product quality. 
Hence, it was further hypothesized that an in-process particle size analyzer could 
be applied to the spray drying process to monitor the properties of the 
microspheres produced. This would be helpful to achieve greater process 
understanding and control. 
 
The following objectives were set in order to test the abovementioned hypotheses: 
1) To prepare suitable emulsions containing alginate and fish oil for spray 
drying.  
2) To optimize spray drying conditions for the production of microspheres 
containing alginate as wall material. 
3) To investigate the effect of alginate on microsphere characteristics. 
4) To study the feasibility of applying an in-line particle sizer for 




A. Materials  
A1. Alginates 
Two low-viscosity grades of sodium alginate (ISP Alginates U. K. Limited, 
Surrey, United Kingdom) were used. They were Manucol LB (low G) and 
Manugel LBB (high G). Their M/G ratios and viscosities are given in Table 1.  
 
 
Table 1. Properties of alginates used. 
 
 M/G ratioa Viscosity at 20 °C b (cP) 
Manucol LB 2.22 4 (1 %) 
Manugel LBB 0.67 8000 (10 %) 





Capsul, a modified food starch derived from waxy maize, was obtained from 
National Starch and Chemical Company, New Jersey, USA. It had been 
incorporated with lipophilic groups and was chosen due to its ability to form 






A3. Fish oil 
Commercially purified fish oil (ROPUFA) was obtained from Roche Vitamins, 
Basel, Switzerland. It contained at least 75 % ω-3 PUFAs, mainly in the form of 
ethyl esters of eicosapentaenoic acid (minimum 42 %) and docosahexaenoic acid 




 A maltodextrin of 19 dextrose equivalents derived from maize starch (Glucidex 
IT 19) was obtained from Roquette, Lestrem, France. Due to its free-flowing 
properties, it was mainly used as a model powder in the study of the application of 
PAT to particle sizing in spray drying. 
 
 
A5. Materials used in microsphere characterization  
A5.1 Stainless steel shots 
Stainless steel shots of diameter < 0.09 mm (Abrasive Engineering, Singapore) 
were used as spacers during microsphere compression studies.  
 
 
A5.2 Ferronyl powder 
Ferronyl carbonyl iron powder was obtained from International Specialty Products, 





B1. Viscosity reduction of alginate solutions 
1, 5 and 10 % w/v alginate solutions were prepared by hydrating the required 
amount of alginate overnight in deionized water. They were then subjected to 
autoclaving at 121 °C for 90 min. The autoclaved solutions were subsequently 
allowed to equilibrate to room temperature before use. 
 
 
B2. Viscometry of alginate solutions 
The flow times of alginate solutions before and after autoclaving were measured 
using a U-tube viscometer (Size C, BP) after equilibration at room temperature. 
Each measurement was repeated until 3 readings all within 0.5 s were obtained.  
 
 
B3. Nuclear magnetic resonance (NMR) studies 
NMR studies were conducted on both spray-dried alginate solutions that were 
subjected to the autoclaving process and the un-autoclaved alginate samples. Acid 
hydrolysis of the alginates was carried out according to the procedure described 
by Haug and Larsen (1962) and modified by Schürks et al. (2002). Briefly, 
alginate was dissolved in water to form a 1 % w/v solution and the pH was 
adjusted to 3.0. Hydrolysis was then carried out at 100 °C for 1 h, after which the 
solution was cooled down and neutralized. The resulting solution was dialyzed 
against deionized water for 24 h and dried under reduced pressure. For the 
acquisition of the 13C NMR spectra, the samples were first dissolved in D2O to a 
concentration of approximately 80 – 100 mg/ml. These solutions were then 
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incubated at 60 °C for 5 h to maintain their solubility and to degas them. The 
spectra were recorded using a Bruker DPX-300 NMR spectrometer and analyzed. 
The internal reference used was sodium 3-(trimethylsilyl)propionate. Major 
signals were assigned according to Grasdalen et al. (1981). 
 
 
B4. Emulsion preparation 
Emulsions were composed of varying proportions of Capsul and alginate (Table 
2) and varying amounts of oil (50, 100, 150, 200 and 250 % of the total weight of 
wall material). Briefly, they were divided into 3 major groups according to the 
composition of the wall material: those consisting of purely Capsul as wall 
material (abbreviated as  “C”), those consisting of blends of Capsul and Manucol 
LB as wall material (abbreviated as “LB”), and those made of blends of Capsul 
and Manugel LBB as wall material (abbreviated as “LBB”). The amount of wall 
material used was equivalent to 15 % weight of water. The numerals refer to the 
percent of alginate used in the blend. For example, for LB1, the amounts of 
Capsul and Manucol LB used were 14 % and 1 % respectively and for LB5, the 
amounts of Capsul and Manucol LB were 10 % and 5 % respectively. 
 
In the preparation of emulsions containing purely Capsul as wall material, the 
latter was added to deionized water and allowed to hydrate overnight. Fish oil was 
then homogenized (Silverson L4RT, UK) with the polymer solution. Emulsions 
containing blends of Capsul and alginate were made from the autoclaved alginate 
solutions into which Capsul was incorporated. Fish oil was homogenized with 
these polymer blend solutions. The homogenization conditions used were 4,500 
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rpm for 3 min, followed by 5,000 rpm for 2 min. Each type of emulsion was 
prepared in triplicate for study. 
 
 
Table 2. Composition of wall materials used. 
 
Code Amount of wall material (g) 
 Capsul Manucol LB Manugel LBB 
C 225   
LB1 210 15  
LB5 150 75  
LB10 75 150  
LBB1 210  15 
LBB5 150  75 




B5. Emulsion oil droplet size analysis 
The size distribution of the oil droplets (dispersed phase) in the emulsions was 
determined by a laser diffraction particle size analyzer (LS 230, Coulter, USA) 
equipped with a small volume module for measuring liquids. Emulsions were 
allowed to stand after preparation and readings taken at 10, 25 and 40 min. Forty 
min was the approximate duration of completion of the spray drying process. The 
measurements were taken as follows: a 1 ml aliquot of emulsion was extracted 
and diluted 10 times with deionized water with continuous gentle stirring to 
prevent droplet aggregation. The diluted sample was then introduced into the 
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analyzer after which sizing was carried out. The experiments were carried out in 
triplicate at room temperature. 
 
 
B6. Spray drying of emulsions 
Emulsions were spray-dried using a pilot-scale spray dryer (Mobile Minor, Niro, 
Denmark) equipped with a rotary atomizer. The feed rate used was approximately 
30 ml/min. Inlet and outlet temperatures were 150 °C and 80 °C respectively. The 
atomizing wheel speed was set at 25,000 rpm. During the spray drying process, 
the emulsions were subjected to gentle stirring to minimize oil droplet coalescence. 
The powders collected were sealed in plastic bags and stored at – 20 °C while 








bottlecollectioninproductofWeightYield    (1) 
 
 
The dry weight of the feed was calculated as the total weight of oil and polymer 
used for each batch. Each determination was carried out in triplicate. Any product 
adhered to the walls of the drying chamber or other spray dryer components was 
not considered as part of the yield. Product that was formed within the first 10 min 
of process start-up and during process shut-down was also not collected. 
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B8. Size determination 




B8.1 Light microscopy 
Microspheres were sized using a light microscope (BX61TRF, Olympus, Japan) 
interfaced with an image analysis system (MicroImage, Olympus, Japan). At least 
250 discrete microspheres were measured for each batch and the mean particle 
diameter reported.  
 
 
B8.2 In-line and at-line laser diffraction 
The laser diffraction measurement system (Insitec, Malvern Instruments, UK) 
comprised several parts: the optical head, interface box, computer and data 
analysis software. The optical head functioned as a standard laser diffraction 
instrument. As particles passed across the optical head, the laser beam would be 
diffracted. The diffracted light would be collected by the receiver lens on the 
opposite end and focused onto the detector, which produced signals that were 
translated into particle size information and displayed as real-time size data.  
 
For in-line measurements, the optical head was directly connected to the process 
stream (Fig 7a). This was unlike other on-line systems fitted with an eductor 
which extracted part of the product flow for measurement before returning it to 
the main product line. An important part of the in-line system was the purge air 
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flow, set at a velocity greater than that of the primary flow. This was essential to 
prevent the adherence of particles to the lenses’ surfaces. Particles present on the 
optical windows would produce constant background readings affecting the 
accuracy of the results obtained.  
 
The main components used for the at-line laser diffraction system were the same 
as those used in the in-line system, except that for the at-line system, the laser 
module was not physically connected to the product flow stream. Instead, it was 
positioned adjacent to the spray dryer and worked as a separate system (Fig 7b). 
Sampling and sizing were performed after the product had left the process stream. 
The optical head was connected to a venturi which directed in-coming particles to 
the laser module. After sizing, the particles were removed via a vacuum system. 
Besides the purge air supplied to prevent particle adherence to the optical 
windows, an additional purge air, commonly termed the eductor air flow, was 
supplied via the venturi to aid in particle dispersion. Before actual size analysis 
was carried out, eductor air flow and sample feed rate were varied to investigate 
their effects on particle size results.  
 






DvDvSpan −=   …………………………    (2) 
 
 
where Dv(90), Dv(10) and Dv(50) are the particle sizes at the 90th, 10th and 50th 

































Figure 7. Layout of the spray dryer with the in-line and at-line laser diffraction 




B8.3 Off-line laser diffraction 
Size measurements were taken using a bench-top laser diffraction particle sizer 
(LS 230, Coulter, USA) fitted with the dry powder module. This was only used 
for non-oily powders due to practical limitations associated with oil contamination 
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determination. About 15 g of sample was used for each run and triplicates were 
performed for each batch. 
 
 
B9. Microsphere morphology 
Microsphere morphological characteristics were determined in terms of their 
external appearance and roundness. 
 
 
B9.1 Scanning electron microscopy (SEM) studies 
The external appearance of microspheres was observed using SEM (JEOL, JSM-
5200, Japan). Microspheres were mounted using carbon tape on aluminium studs 
and gold coated under vacuum (JEOL Fine Coat Ion Sputter, JFC-1100, Japan). 
Observations were conducted under 1,500 x magnification. 
 
 
B9.2 Microsphere roundness 
The roundness of the microspheres was determined using a light microscope 
(BX61TRF, Olympus, Japan) interfaced with an image analysis system 









= ………………………   (3) 
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where P is the perimeter of the microsphere and A is the cross-sectional area of 
the microsphere. Values closer to 1 would indicate rounder microspheres. 
 
 
B10. Microsphere true density determination 
True density measurements were conducted using a helium pycnometer (Penta-
pycnometer, Quantachrome, USA) with a small volume cell. Samples were pre-
conditioned by drying overnight in a vacuum oven before measurements were 
conducted. Five runs were carried out for each sample. The true density of the 






=ρ         ………………………    (4) 
 
 
where M is the sample mass after the pycnometric measurement and Vt is the 
sample true volume.        
 
 
B11. Flow determination 







B11.1 Poured bulk density 
A known weight of microspheres was poured into a graduated cylinder of internal 
diameter (i.d.) 2.5 cm. The resultant height was taken and the poured bulk density 





MD =    ……………………………   (5) 
 
 
where D0 is the poured bulk density and M is the mass of the microspheres. V0 is 
the poured bulk volume of the microspheres and was calculated by multiplying the 
cross-sectional area of the cylinder by the height of the poured bulk microspheres.  
 
 
B11.2 Tapped bulk density 
Poured bulk microspheres were subjected to consolidation using a mechanical 
tapping device (JEL STAV 2003 Stampfvolumeter, Oertli A. G., Switzerland). 
The resultant height after 200 taps was taken and the tapped bulk density 









where Df  is the tapped bulk density and M is the mass of the microspheres. Vf is 
the tapped bulk volume of the microspheres and was calculated by multiplying the 
cross-sectional area of the cylinder by the height of the tapped bulk microspheres.  
 
 
B11.3 Carr’s index 
Carr’s index was calculated to give an indication of microsphere flow properties. 










indexsCarr     …….…………   (7) 
 
 
B12. Determination of microsphere surface area 
The specific surface area of microspheres was obtained from both instrumental 
analysis and theoretical calculation. 
 
 
B12.1 BET specific surface area 
The Brunauer, Emmett and Teller (BET) technique (SA 3100 Surface Area and 
Pore Size Analyzer, Beckman Coulter, USA) was employed to determine the BET 
specific surface area (SSABET) of the microspheres. Samples were degassed under 
vacuum for about 16 h at room temperature. Triplicate experiments were 
performed for each formulation of microspheres. 
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B12.2 Theoretical specific surface area 
In order to give a quantitative estimation of the degree of surface indentations of 
the microspheres, the theoretical surface area of microspheres could be calculated 
based on the assumption that the microspheres were perfect spheres without any 




SASSA theotheo =   …………………………….    (8) 
 
 
where SSAtheo is the theoretical specific surface area, SAtheo is the theoretical 
surface area and M is the mass of the microspheres. 
 




































=   ……………………………   (11) 
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where r is the microsphere radius as derived from the microscopic measurements, 
ρt is the microsphere true density and Vtheo is the theoretical volume of the 
microspheres. Equation 11 was used to calculate the theoretical surface area of the 
microspheres. The extent of microsphere surface indentations, termed index of 







I =   ………………………………..  (12) 
 
 
A larger Ii value indicates a greater extent of surface indentations, while a smaller 
Ii value indicates that the extent of surface indentations is lower. 
 
 
B13. Determination of microencapsulation efficiency (ME) 




B13.1 Surface oil 
The amount of surface oil (OS) or non-encapsulated oil was determined by a 
modified method described by Varavinit et al. (2001).  Fifty ml of n-hexane was 
added to an accurately weighed amount (5 g) of microspheres followed by stirring 
for 1 min. The suspension was then filtered and the residue rinsed thrice by 
passing 20 ml of hexane through each time. The residual powder was then air 
dried for 30 min and weighed. OS was calculated from the following equation: 
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ROS WWO −=  ………………………    (13) 
 
 




B13.2 Total oil content, microencapsulated oil and ME 
To determine the total oil content (OT), which included both the encapsulated and 
surface oil, a Soxhlet extraction unit was used (Büchi Universal Extraction System 
B-811, Büchi Labortechnik AG, Switzerland). Accurately weighed microspheres 
(5 g) were extracted using 180 ml hexane for 8 h to ensure complete oil removal. 
After the process was complete, the powder was air-dried to constant weight. OT 
and ME were calculated as follows: 
 
 
SOT WWO −=     …………………………    (14) 
 
 








ME    ……………………..  (16) 
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where WS is the microsphere weight after Soxhlet extraction and OM is the amount 
of microencapsulated oil. This was performed in triplicate. 
 
 
B14. Determination of oil content and stability on storage 
B14.1 Sample preparation 
For each batch of oil-loaded microspheres produced, samples of 30 mg were 
weighed into amber-coloured wide mouthed jars (3 cm i.d. and 4 cm height) with 
screw cap closures. The jars were placed in an environment-controlled chamber at 
70 % relative humidity and 40 °C. At intervals of 0, 3, 7, 14, 28, 42 and 56 days, 
samples were removed from the chamber. The experiment was not continued 
beyond 56 days as excessive microsphere caking affected the reproducibility of 
the results obtained. Oil extraction was subsequently carried out using a method 
modified from Kagami et al. (2003). Four ml of n-hexane was added to each 
sample, which was then placed in a shaker bath at room temperature for 24 h to 
allow complete extraction of oil to take place. The samples were then filtered and 
the residue rinsed with fresh solvent. The filtrate was collected in a 10 ml 
volumetric flask containing 1 ml of internal standard solution (0.5 mg/ml ethyl-
14-tricosenoate) and made up to 10 ml for analysis by gas chromatography.  
 
 
B14.2 Gas chromatography 
Determination of oil content was carried out using a gas chromatographic system 
equipped with a flame ionization detector (HP 5890 II, Agilent Technologies, 
USA). The inlet and outlet temperatures were 190 and 240 °C respectively, with 
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heating rate of 5 °C/min to 220 °C followed by 3 °C/min to 240 °C. This final 
temperature was held for 5 min. Total run time was 17.6 min. One µl of sample 




B14.3. Calculation of EPA and DHA content 
















contentDHA ×=     ……………………   (18) 
 
 
where WIS and AIS are the weight and peak area of the internal standard 
respectively and AEPA and ADHA are the peak areas of EPA and DHA respectively. 
 
The percentages of EPA and DHA remaining at each sampling interval were 

















remainingDHA    …….   (20) 
 
 
B14.4 Degradation kinetics 
The degradation kinetics of EPA and DHA were calculated with reference to the 
Weibull model using the following equation (Weibull, 1951; Gacula and Kubala, 








     ……………………….    (21) 
 
 
where C/C0 is the fraction of unoxidized EPA or DHA at time t, k is the rate 
constant, and n is the shape constant. The shape constant describes an increasing 
or decreasing degradation rate, depending on its magnitude. A shape constant of 
greater than 1 indicates that the degradation rate increased with time while n < 1 




















−    ……………...   (22)  
 
 
ln [-ln(C/C0)] was plotted against ln t to obtain the rate and shape constants for the 
degradation process. 
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B15. Microsphere mechanical strength 
B15.1 Microsphere compression 
Compression of microspheres was carried out by a modified method of Heng et al. 
(2000). A known weight of microsphere-spacer mixture was compressed using a 
universal testing machine (Autograph Ag-SJ, Shimadzu, Japan) with a 1 cm flat-
face punch and die set. Samples were filled into the die cavity and subjected to 
uniaxial compression at a fixed speed of 1 mm/min. The compression force used 
was 200 N.  
 
 
B15.2 Determination of oil leakage after compression 
The compression forces used resulted in the formation of loose compacts that 
could be easily broken up into powder form after removal from the die cavity. The 
amount of oil leakage was determined as follows: the samples were rinsed briefly 
with 4 ml of n-hexane in a 10 ml beaker to extract mainly the surface oil. The 
suspension was passed through a 0.45 µm membrane filter and the filtrate 
collected in a 10 ml volumetric flask. The residue was rinsed thrice with 2 ml of 
n-hexane each time and the filtrate added to the same volumetric flask. The final 
volume was made up to 10 ml and subjected to gas chromatographic analysis. 
 
The amount of ROPUFA extracted from the microsphere surface was then 
determined using its calibration curve. The percent of ROPUFA leaked to the 










OO    ……………………...   (24) 
 
 
where OL is the amount of ROPUFA leaked after compression, OS,AC  is the 
surface oil after compression and OS,BC  is the surface oil before compression. All 
units were expressed as mg oil per mg of microsphere. 
 
To determine the effect of oil adherence to the walls of the punch and die in 
contact with the microspheres, these surfaces were rinsed with solvent after 
compression and the solvent analyzed for oil content using gas chromatography. 




B16. Statistical analysis 
The generation of the experimental design matrix and analysis of the effects 
during the optimization of the spray drying conditions was conducted using a 
chemometrics software (The Unscrambler, v9.7, CAMO Technologies Inc., USA). 
For the other experiments, means were compared using ANOVA (SPSS, SPSS 
Inc., USA) at the level of p = 0.05. Unless otherwise stated, the results were 




IV. RESULTS AND DISCUSSION 
 
A. FORMULATION AND PRODUCTION OF MICROSPHERES 
A1. Emulsion formulation 
A1.1 Pre-treatment of alginate solutions 
The atomization of feed into small droplets during spray drying is an important 
step for the formation of spherical products. In the production of alginate-
containing microspheres, preliminary studies were carried out to evaluate the 
suitability of various alginate solutions for atomization during spray drying. 
 
Alginate solutions of Manucol LB and Manugel LBB were prepared at 
concentrations ranging from 0.1 to 10 % w/v. Despite the use of these low-
viscosity grades, solutions greater than 5 % w/v exhibited a gel-like consistency 
and were hence too viscous to be sprayed. Solutions lower than 5 % w/v were 
more flowable and spray drying was attempted using these solutions. It was found 
that effective atomization was only successful at Manucol LB concentrations of 
1 % w/v and below and Manugel LBB concentrations of 2 % w/v and below. At 
higher concentrations, filamentous products were formed instead of the desired 
discrete spherical products. This indicated that at these concentrations, the 
atomization force was insufficient to break the viscous feed into droplets. It could 
also be aggravated by rapid evaporation of the feed solution during the 
atomization process, resulting in a further rise in viscosity and solidification of the 
sprayed liquid before atomization could be completely effected. 
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The use of such low feed concentrations is usually not advantageous during spray 
drying operation due to low production efficiencies. Studies have also shown that 
microencapsulation efficiencies were lower at low feed solid concentrations (Ré, 
1998). Therefore, high feed concentrations are usually employed as long as the 
feed solution can be pumped into the spray dryer and atomized effectively. In 
practice, some feed solutions have been heated during the spray drying process to 
reduce their viscosities and increase the ease of pumping or atomization of the 
feed (Masters, 1991). Blends with low-viscosity materials can also be used to 
increase feed concentration without contributing to viscosity increase. 
 
In addition to viscosity, atomization can also be affected by the atomization 
pressure and surface tension of the feed liquid. In this study, even the highest 
possible atomization pressure within the operating limits of the spray dryer was 
not able to successfully atomize the higher concentrations of alginate solutions. In 
an attempt to decrease the surface tension of alginate solutions to aid droplet 
formation, Tween 80 was added as a surfactant in increasing concentrations of up 
to 20 % w/v. Effective atomization was only achieved at excessively high 
surfactant concentrations of 15 % w/v and above. This was undesirable as the 
microspheres could potentially be formulated into oral dosage forms, and such 
high surfactant levels could give rise to toxicity problems.  
 
The possibility of a reduction in feed liquid viscosity was next explored. It is 
known that viscosity may be reduced by the application of shearing forces and/or 
heat. Alginate solutions were hence subjected to high shear homogenization in an 
attempt to reduce their viscosities. However, no appreciable effect was found. 
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Heating the alginate solutions to temperatures of up to 60 °C also did not result in 
any significant viscosity change. In this study, however, the application of heat to 
the feed was not desirable due to the presence of fish oil, which was susceptible to 
heat degradation.  
 
 
A1.1.1 Autoclaving of alginate solutions 
In consideration of the abovementioned factors, alginate solutions were 
autoclaved to reduce their viscosities, as well as to sterilize the solutions. 
Alginates have been used as matrices for cell immobilization in the treatment of 
disease states (Leo et al., 1990; Kong et al., 2003; Kendall et al., 2004). 
Sterilization treatments of alginate, either in hydrated or dry powder form, were 
therefore required. Depolymerization treatments of alginate have also been carried 
out for the production of alginate oligomers and monomers, which are thought to 
possess certain bioactive effects on plants (Natsume et al., 1994; Hien et al., 2000). 
These were carried out via acid or enzymatic hydrolysis and irradiation (Heyraud 
et al., 1998; Ikeda et al., 2000; Lee et al., 2003). It was reported that 
depolymerization with resultant decrease in solution viscosity occurred when 
alginates were subjected to high heat or irradiation.  
 
Viscosity studies were conducted to determine the effect of autoclaving duration 
on selected concentrations of alginate solutions. Solutions of 1, 5 and 10 % w/v of 
Manucol LB and Manugel LBB were prepared and subjected to different 
autoclaving durations at 121 °C. Flow times were determined for alginate 
solutions before and after autoclaving, except for those prepared using 10 % w/v. 
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The latter gave rise to a gel-like consistency before autoclaving, of which flow 
times could not be determined. As a comparison, flow times were also determined 
for solutions containing modified starch.  
 
It was found that as the duration of autoclaving increased, flow times of alginate 
solutions decreased. This could be attributed to the breakage of long polymeric 
chains into shorter ones. The decrease was more pronounced during the first 60 
min of autoclaving (Fig 8). Subsequent increase in autoclaving durations resulted 
in smaller changes in the flow times of the alginate solutions. A autoclaving 
duration of 90 min was deemed to be sufficient to produce alginate solutions of a 
suitable consistency to be spray dried. 
 
NMR studies on the alginate solutions before and after autoclaving were 
performed to assess the effect of autoclaving on the chemical composition of the 
alginates. This was to determine the possibility of occurrence of other degradation 
processes besides depolymerization. It was found that the frequencies of M and G 
fragments remained unchanged with autoclaving for both grades of alginate. 
Similarly, the M/G ratios were unaffected by the autoclaving process (Table 3). 
This finding showed that the macromolecules of alginate that were broken down 





























Figure 8. Effect of autoclaving duration on flow times of 1 % w/v (○),                   
5 % w/v (□), 10 % w/v (∆) Manucol LB and 1 % w/v (●), 5 % w/v (■),               
10 % w/v (▲) Manugel LBB solutions (dotted line represents flow time of a       





Table 3. Compositional data of alginates before and after autoclaving. 
 
Alginate FMa FGb FMMc FGGd M/G ratio 
Manucol LB 0.69 0.31 0.49 0.17 2.22 
Manucol LB 
(autoclaved)e 
0.69 0.31 0.45 0.20 2.20 
Manugel LBB 0.40 0.60 0.22 0.54 0.67 
Manugel LBB 
(autoclaved)e 
0.39 0.61 0.21 0.55 0.65 
aMannuronic acid fraction; bGuluronic acid fraction; cMM doublet fraction; 




A1.2 Emulsion stability 
A1.2.1 Effect of homogenization conditions 
Studies have shown that emulsion stability influenced the amount of encapsulated 
oil, microsphere quality and functionality (Lin et al., 1995a; Sheu and Rosenberg, 
1995; Kim et al., 1996; Jafari et al., 2008). Therefore, it was important to produce 
reasonably stable emulsions before they were spray dried to obtain microspheres. 
Emulsion stability is affected by the rate at which the emulsion undergoes 
creaming, flocculation or coalescence. These phenomena pre-dispose the emulsion 
to instability and, possibly, phase separation.  
 
During the initial phase of optimization, visible phase separation was taken as the 
yardstick for emulsion stability. Only homogenization conditions that produced 
emulsions which did not undergo phase separation on standing were further 
studied. The time taken to complete the spray drying process for a typical batch 
was approximately 30 min. Hence, the duration for which the emulsion was 
required to be stable was arbitrarily set at 40 min. Representative formulations 
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with the highest oil loadings expected to be used in this study (250 %) were 
selected to undergo these initial trials. The results of the first stage of the 
optimization process are shown in Table 4.  
 
It was observed that emulsion stability depended on both homogenization speed 
and duration. At homogenization speeds of < 4,000 rpm, phase separation 
occurred regardless of the homogenization durations studied. This implied that the 
shear forces provided at this speed were insufficient to break up the oil phase into 
sufficiently fine droplets which could remain apart during standing, resulting in 
droplet coalescence and phase separation on standing. At this high oil loading, a 
homogenization speed of least 4,500 rpm for 5 min was required to prevent phase 
separation for all the wall material systems studied. 
 
The homogenization conditions were further optimized by monitoring the size of 
oil droplets within the emulsions produced at those homogenization conditions 
where phase separation was not observed (Table 5). This was a more sensitive 
means of evaluating emulsion stability, as an emulsion containing smaller oil 
droplets usually is more stable relative to one containing larger oil droplets 
(Hasenhuettl and Hartel, 1997). In addition, the change in oil droplet size with 
time could give an indication of the rate of coalescence of oil droplets in the 
emulsions (Huang et al., 2001; Billany, 2002). However, it was not the aim of this 
study to produce emulsions with excessively small oil droplets, as further 
emulsification to produce nanoemulsions could result in a significant increase in 
the effective surface area of fish oil exposed to the external environment, resulting 
in higher degradation rates. This could also result in a reduction in the amount of 
wall material available to effectively coat the oil droplets. 
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C LB1 LB5 LB10 LBB1 LBB5 LBB10 
3 + + + + + + + 
4 + + + + + + + 
3,000 
5 + + + + + + + 
3 + + + + + + + 
4 + + + + + + + 
3,500 
5 + + + + + + + 
3 + + + + + + + 
4 - + + + + + + 
4,000 
5 - - + + - + + 
4,500 3 - - - + - - + 
 4 - - - + - - - 
 5 - - - - - - - 
5,000 3 - - - - - - - 
 4 - - - - - - - 
 5 - - - - - - - 





Although phase separation was not observed for emulsions homogenized at 4,500 
rpm for 5 min, the size of oil droplets was significantly larger than those produced 
at 5,000 rpm. Oil droplet coalescence was also more extensive, as the increase in 
oil droplet size with time was greater. Oil droplet sizes remained more stable for 
emulsions produced at a homogenization speed of 5,000 rpm. However, a 
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Table 5. (A) Mean oil droplet size and (B) size change on standing for emulsions 
produced at different homogenization conditions. 
 
(A) 
Homogenization conditionsa  Formulation Time (min) 
A B C D E 
  Mean oil droplet sizeb (µm) 
0  5.65 5.08 4.69 4.50 4.78 C 
40  6.29 5.39 4.78 4.57 4.86 
0  5.70 5.27 4.80 4.58 4.84 LB1 
40  6.35 5.68 4.91 4.66 4.93 
0  5.86 5.40 5.00 4.62 4.89 LB5 
40  6.98 5.83 5.23 4.78 5.05 
0  6.11 5.89 5.13 4.80 5.14 LB10 
40  7.35 6.81 5.58 5.02 5.39 
0  5.64 5.28 4.69 4.48 4.86 LBB1 
40  6.33 5.73 4.82 4.60 4.99 
0  5.69 5.39 4.83 4.60 4.84 LBB5 
40  6.86 5.94 5.01 4.75 5.06 
0  6.13 5.88 5.02 4.66 5.02 LBB10 





A B C D E 
Formulation 
Change in mean oil droplet size (%) 
C 11.3 6.10 1.92 1.56 1.67 
LB1 11.4 7.78 2.29 1.75 1.86 
LB5 19.1 7.96 4.60 3.46 3.27 
LB10 20.3 15.6 8.77 4.58 4.86 
LBB1 12.2 8.52 2.77 2.68 2.67 
LBB5 20.6 10.2 3.73 3.26 4.55 
LBB10 18.9 13.8 8.96 7.08 7.37 
aA = 4,500 rpm for 5 min, B = 5,000 rpm for 3 min, C = 5,000 rpm for 4 min, D = 5,000 




considerable amount of splattering occurred during homogenization at this speed. 
The optimal homogenization conditions were deemed to be 4,500 rpm for 3 min, 
followed by 5,000 rpm for 2 min as these conditions produced stable emulsions 
with minimal oil droplet coalescence throughout the duration of spray drying with 
little splattering during the homogenization process.  
 
Besides the evaluation of emulsion stability, it was also important to be aware of 
the size and size distribution of the oil droplets in the emulsions as they could 
affect the retention of oil in the microspheres (Hogan et al., 2001b). McNamee et 
al. (1998) and Jafari et al. (2008) found that spray-dried emulsions with larger 
mean oil droplet diameters had greater quantities of surface oil present, resulting 
in lower MEs. It was also important to standardize the emulsion oil droplet sizes 
among the different formulations to allow meaningful comparisons to be made for 
microsphere properties, especially their oil retention capacities. The results of oil 
droplet size analysis for all the formulations produced at the optimized 
homogenization conditions are shown in Table 6. These values were not expected 
to change significantly during the spray drying process. 
 
Generally, oil droplet size increased (p < 0.05) as oil loading increased. The 
change appeared to be more significant when oil loading was increased from 50 to 
100 %. This was observed regardless of the composition of wall material used. 
Modified starches contain functional groups that enable them to act as emulsifying 
agents through contribution to surface-active effects (Ré, 1998). Hence, the larger 
oil droplets obtained with higher oil loadings could be explained by the reduced 
emulsifying  effect of a  lower amount of  starch with respect to  the oil.  Alginate- 
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containing emulsions had slightly greater oil droplet sizes compared to those 
produced using modified starch alone. Alginates do not possess inherent surface-
active properties, although they have been used as emulsion-stabilizing agents due 
to their viscosity-imparting properties (Gacesa, 1988; Tønnesen and Karlsen, 
2002). In the present study, however, the viscosity of alginate solutions had been 
significantly reduced by the autoclaving process. The oil droplet size for alginate-
containing emulsions was therefore bigger as comparatively less starch was used. 
However, the difference was slight and no apparent effect on emulsion stability 
was observed.  
 
Table 6. Mean oil droplet size for all emulsion formulations prepared. 
Oil loading (%) 
50 100 150 200 250 
Formulation  
Mean oil droplet sizea (µm) 
C 3.61 3.70 4.40 4.61 4.78 
LB1 3.62 3.69 4.38 4.65 4.84 
LB5 3.70 3.80 4.67 4.71 4.89 
LB10 3.81 3.91 4.86 4.99 5.14 
LBB1 3.60 3.72 4.44 4.68 4.86 
LBB5 3.68 3.81 4.70 4.77 4.84 
LBB10 3.82 3.96 4.85 4.93 5.02 






A2. Optimization of spray drying conditions  
The aim of this part of the study was to determine the spray dryer operating 
conditions that would produce the highest microencapsulation efficiencies and 
yield. These response variables were selected as they were important indicators of 
microsphere functionality and process efficiency. Factors that can significantly 
affect the spray drying process and product characteristics include the feed rate, 
atomizing wheel speed, dryer inlet and outlet temperatures and drying air 
humidity. According to other studies, excessively high feed rates could result in 
insufficiently dried droplets. These partially dried microspheres were tacky and 
had greater tendencies to agglomerate and adhere to the walls of the spray dryer 
leading to low yields. The atomizing wheel speed would affect the size of the 
drying droplet and the final particle in an inverse relationship. Spray dryer inlet 
temperatures had a more direct effect on the drying process, with droplet drying 
rates positively related to inlet temperatures used. On the other hand, outlet 
temperatures usually reflected the final moisture content of the product (Masters, 
1991; Gharsallaoui et al., 2007).  
 
From preliminary investigations in this study, it was observed that dryer outlet 
temperatures were closely affected by the feed rate in an inverse relationship. An 
increase in feed rates resulted in a decrease in outlet temperatures due to the 
presence of more moisture to be removed. Atomizer wheel speed was fixed at the 
maximum possible level to ensure optimal atomization of the feed solution. 
Drying air humidity was also kept constant. Therefore, the effects of spray dryer 
inlet and outlet temperatures and oil loading on product yield and 
microencapsulation efficiency were determined using a simple, 2-level factorial 
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experimental design as a screening tool. This was conducted using formulations C, 
LB10 and LBB10 at oil loadings of 50 to 150 %. The results of the design matrix 
and analysis of effects for the different compositions of wall material are given in 
Tables 7, 8 and 9. For each formulation, 3 replicates were carried out for the 
centre points to estimate the variability in the process. 
 
It was found that for all the wall materials studied, yields were significantly 
influenced by the inlet temperatures in an inverse relationship. Higher yields were 
achieved with lower inlet temperatures. Microencapsulation efficiency was also 
negatively correlated with inlet temperature. It was thus decided that an inlet 
temperature of 150 °C be adopted for further studies. Since there was no 
significant effect of outlet temperature on the response variables studied, the 
lowest (80 °C) was chosen to minimize the potential detrimental effects of heat on 
the polyunsaturated fatty acids to be encapsulated. It also appeared that oil loading 
had a significant effect on the responses studied for microspheres produced using 
alginate-Capsul blends as wall material but not on microspheres produced using 
Capsul alone as wall material. This warranted further investigations into the 










Table 7. (A) Design matrix and (B) analysis of effects for microspheres made 












Yield (%) ME (%) 
1 (0) 170 (0) 90 (0) 100 66.8 88.7 
2 (-) 150 (-) 80 (-) 50 45.6 91.5 
3 (-) 150 (-) 80 (+) 150 47.4 75.6 
4 (+) 190 (+) 100 (-) 50 44.8 86.4 
5 (+) 190 (+) 100 (+) 150 39.6 67.8 
6 (0) 170 (0) 90 (0) 100 64.7 88.2 
7 (-) 150 (+) 100 (+) 150 48.9 76.1 
8 (-) 150 (+) 100 (-) 50 46.4 92.5 
9 (0) 170 (0) 90 (0) 100 68.2 88.5 
10 (+) 190 (-) 80 (+) 150 40.3 65.8 





 Yield (%) ME (%) 
Inlet temperature (A) -5.673a -6.400b 
Outlet temperature (B) 1.417 1.120 
Oil loading (C) -0.333 -34.615b 
Effects are significant at the a0.05 and b0.005 levels. 
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Table 8. (A) Design matrix and (B) analysis of effects for microspheres made 












Yield (%) ME (%) 
1 (0) 170 (0) 90 (0) 100 67.3 91.2 
2 (0) 170 (0) 90 (0) 100 64.6 91.0 
3 (+) 190 (+) 100 (+) 150 62.0 80.1 
4 (0) 170 (0) 90 (0) 100 68.6 91.3 
5 (+) 190 (+) 100 (-) 50 51.8 90.0 
6 (+) 190 (-) 80 (+) 150 60.4 78.2 
7 (-) 150 (+) 100 (-) 50 53.9 94.7 
8 (+) 190 (-) 80 (-) 50 51.2 89.9 
9 (-) 150 (-) 80 (+) 150 72.9 90.2 
10 (-) 150 (-) 80 (-) 50 54.0 95.2 





 Yield (%) ME (%) 
Inlet temperature (A) -7.040a -7.840b 
Outlet temperature (B) 0.510 0.175 
Oil loading (C) 14.340a -20.190b 
Effects are significant at the a0.05 and b0.005 levels. 
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Table 9. (A) Design matrix and (B) analysis of effects for microspheres made 












Yield (%) ME (%) 
1 (+) 190 (+) 100 (+) 150 61.1 71.9 
2 (+) 190 (-) 80 (-) 50 50.2 90.3 
3 (0) 170 (0) 90 (0) 100 64.0 91.1 
4 (-) 150 (-) 80 (+) 150 68.1 83.2 
5 (+) 190 (+) 100 (-) 50 50.7 89.6 
6 (-) 150 (-) 80 (5) 50 51.6 94.1 
7 (-) 150 (+) 100 (-) 50 52.0 93.9 
8 (0) 170 (0) 90 (0) 100 65.0 91.0 
9 (+) 190 (-) 80 (+) 150 60.3 70.6 
10 (0) 170 (0) 90 (0) 100 63.4 90.0 





 Yield (%) ME (%) 
Inlet temperature (A) -4.588a -6.967c 
Outlet temperature (B) 0.608 4.750e-02 
Oil loading (C) 13.468c -24.903b 





B. Microsphere characterization 
B1. Physical properties 
B1.1 Microencapsulation efficiency (ME) 
The ability of alginate-containing wall material to encapsulate higher oil loadings 
was investigated to test the first hypothesis. Microspheres were prepared using 
increasing proportions of the two grades of alginate and MEs were determined at 
these oil loadings. 
 
Figure 9 shows the effect of alginate addition on MEs of microspheres prepared at 
oil loadings ranging from 50 to 250 %. These values are comparable to those 
obtained by other researchers using maltodextrins and modified starches for the 
encapsulation of meat flavour and liquid cheese aroma (Mongenot et al., 2000; 
Jeon et al., 2003), and higher than the values obtained for the encapsulation of 
caraway essential oil using proteins and maltodextrin (Bylaitë et al., 2001). The 
differences can be attributed to different core and wall materials used. ME 
decreased as oil loading increased for all formulations studied. Other workers 
have investigated the effect of oil loading on ME of microspheres prepared using 
gum Arabic as wall material. McNamee et al. (1998) found that ME decreased 
from 100 to 42 % as oil loading was increased from 25 to 500 %. This was most 
likely due to the presence of insufficient wall material to effectively encapsulate 
























Figure 9. Effects of alginate addition and oil loading on microencapsulation 
efficiency of C (◊), LB1 (○), LB5 (□), LB10 (∆), LBB1 (●), LBB5 (■) and       





However, the ME of alginate-containing microspheres was higher than that of 
microspheres produced using modified starch alone as wall material at any 
particular oil loading, although the  differences  became  increasingly  apparent  as  
oil  loading increased. At oil loadings of 150 % and above, alginate-containing 
microspheres could encapsulate up to 20 % more oil, depending on the type and 
amount of alginate employed. Manucol LB appeared to confer a greater increase 
in ME compared to Manugel LBB. As such, the microspheres were further 
characterized to investigate the possible reasons that could contribute to the 
greater MEs of alginate-containing microspheres, and the effects of the 
substitution of modified starch with different types and amounts of alginate. 
Different oil loadings were also used. 
 
 
B1.2 Microsphere morphology 
SEM photomicrographs showed that for all the formulations studied, the spray-
dried particles were generally spherical with surface indentations but no visible 
surface cracks (Fig 10 and 11). This was the typical appearance of microspheres 
composed of spray-dried skin-forming polymers. However, different degrees of 
surface indentations were observed for microspheres made from the different 
formulations. This became more obvious for microspheres produced with high 
proportion of alginate and at higher oil loadings. It appeared that microspheres 
produced using a greater proportion of alginate had a lower degree of surface 
indentations. The type of alginate used also affected the microsphere appearance.  
With   the   same   amount   of   alginate   added,   microspheres   produced   using   
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Figure 10. SEM photomicrographs of 
(a) C, (b) LB1, (c) LB5, (d) LB10,     
(e) LBB1, (f) LBB5 and (g) LBB10 









   
   
   
  
 
Figure 11. SEM photomicrographs of 
(a) C, (b) LB1, (c) LB5, (d) LB10,     
(e) LBB1, (f) LBB5 and (g) LBB10 









Manugel LBB appeared to have  a greater   degree   of   surface    indentations   
than   those   containing    Manucol   LB. Microspheres produced using purely 
starch as wall material (Formulation C) had the highest degree of surface 
indentations.  
 
It is known that microsphere microstructure and morphology could affect the 
functionality and performance of microspheres. Microspheres should generally be 
free from cracks to allow sufficient protection to the microencapsulated 
ingredients. Minimal surface indentations are also desired for reduced 
agglomeration and good powder flowability. The microspheres produced from all 
the wall materials were likely to offer good protection to the encapsulated oil as 
they showed continuous wall surfaces without cracks or fissures (Sheu and 
Rosenberg, 1995; McNamee et al., 1998; Sheu and Rosenberg, 1998), although 
those containing alginate could offer additional advantages through the formation 
of microspheres with less indentations.  
 
Morphological studies by other workers have identified three distinct forms of 
spray-dried products: crystalline, agglomerate and skin-forming (Walton and 
Mumford, 1999; Walton, 2000). It was reported that inorganic materials formed 
spray-dried products that were mainly composed of crystalline and agglomerate 
structures. Materials that were readily water-soluble formed crystalline products 
while those that were insoluble or partially soluble formed agglomerate particles. 
Polymeric materials like the starch and alginates used in this study usually 




Single droplet drying experiments by Walton (2000) demonstrated characteristic 
drying behaviours for each of the morphological types. For polymeric materials, it 
was observed that at 200 °C, a skin was formed on the droplet surface almost 
immediately, followed by several cycles of internal bubble nucleation and 
expansion with particle distortion, collapse and re-inflation. The skin finally dried 
up and hardened, forming either inflated particles with smooth surfaces due to 
evaporation of residual moisture present within the particles, or collapsed particles 
with surface indentations as seen in this study (Fig 12). In some cases, bursting of 
particles could occur due to the build-up of extreme pressures within the drying 
particles. This could be the result of excessively high inlet temperatures used. The 
ability of the particles to inflate, collapse and re-inflate to eventually form a 
continuous skin was due to the flexible nature of the polymeric membrane. Other 
researchers postulated that the formation of indentations could also be due to 
uneven particle shrinkage caused by rapid droplet drying during the spray drying 
process (Alamilla-Beltrán et al., 2005). Indentations could also have been formed 
from inter-particle collisions or particle impact with the walls of the spray dryer.  
 
Particle morphology can also be affected by spray drying process variables 
including atomization conditions, drying temperatures, feed properties like 
concentration and degree of aeration and the chemical and physical nature of the 
material being dried (Walton, 2000). Since spray drying conditions were kept 
constant for the different microspheres produced in this study, the likely cause for 
the differences in microsphere morphology was the nature of the material being 























Rees (1972) predicted that M-rich regions of the alginate would form an extended 
ribbon structure while G-rich regions would form a buckled chain due to the 
differences in orientation of the 1-4 glycosidic bonds linking the monomers. This 
difference in chain conformation of G and M blocks could have resulted in 
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LBB, with the former exhibiting more uniform shrinkage on drying due to the 
flexible nature of the M blocks and the latter having more irregular shrinkage 
behaviour due to the buckled chain conformation of the G blocks. This led to the 
formation of less indented microspheres when Manucol LB was used. It could 
also be inferred that the addition of Manucol LB resulted in the formation of a 
mechanically stronger microsphere matrix that was less prone to collapse and 
shrinkage on drying or more resistant to deformation on impact with other 
microspheres or with the walls of the spray dryer. Microsphere shrinkage and 
deformation were likely to result in oil being squeezed out from microspheres. 
This could have resulted in the lower MEs observed for formulations containing 
little or no alginate. 
 
 
B1.3 Microsphere size 
Figure 13 shows the effects of alginate addition and oil loading on the mean size 
of microspheres produced using the different wall materials. With the exception of 
microspheres produced using modified starch alone as wall material, there was a 
general increase in microsphere size as oil loading increased. Microsphere size 
can be influenced by process variables including atomizing pressure, feed rate and 
drying temperatures. It can also be affected by formulation variables such as feed 
concentration and viscosity. Since these process variables were kept constant in 
the study, and viscosities among  various   formulations  had   been   standardized,   
the observed variations in particle size were likely due to both the nature of the 


























Figure 13. Effects of alginate addition and oil loading on mean size of C (◊),    





In the absence of oil or at lower oil contents, more extensive microsphere 
shrinkage occurred during drying, resulting in smaller microspheres being formed. 
As oil loading increased, the oil occupying the voids within the microsphere 
matrix resisted microsphere shrinkage to a certain extent, although this effect was 
limited by the inherent structural strength of the microsphere wall matrix. This 
allowed the formation of larger microspheres. Microspheres produced at oil 
loadings of 100, 150 and 200 % gave similar mean sizes (p > 0.05), indicating that 
the aforementioned effects on size increased with higher oil content before 
leveling off. Microspheres prepared from alginate-containing wall material 
systems exhibited such behaviour. However, for microspheres produced using 
modified starch alone as wall material, microsphere size peaked at an oil loading 
of 100 % before decreasing with an increase in oil loading. This could due to the 
inability of modified starch to form a sufficiently strong structural matrix to 
encapsulate the oil droplets in the presence of high oil loads, resulting in more 
extensive microsphere shrinkage and reduced ME.  
 
At any particular oil loading, microspheres produced using Manucol LB were 
generally larger than those produced using Manugel LBB at the same alginate 
proportion. For both types of alginate, microsphere size increased as the amount 
of alginate used increased. This could be due less microsphere shrinkage during 
drying as explained in the earlier section. Larger microspheres with greater 
internal volumes would likely be able to encapsulate more oil, contributing to 
higher ME.  Wandrey et al. (2003) and Kendall et al. (2004) have studied the 
effect of alginate composition on the properties of alginate microbeads and 
microcapsules made by gelation with calcium chloride. It was observed that less 
 80 
microsphere shrinkage was observed with the high G alginates, consequently 
forming larger microcapsules. This was the reverse of what was observed in the 
present study. On cross-linking, high G alginates formed stronger beads and gels 
than high M alginates due to the stronger affinity of G residues for calcium ions. 
However, when no ionic cross-linking was involved as in this case, structural 
integrity would be more dependent on the inherent physical properties of the 
guluronate and mannuronate blocks of the alginates as discussed previously.  
 
 
B1.4 Microsphere roundness 
Microspheres became rounder as oil loading increased (Fig 14). This was related 
to a reduction in the formation of surface indentations due to oil present within the 
microsphere matrix, which has been discussed earlier. Kagami et al. (2003) 
reported different degrees of formation of surface indentations for fish oil-
containing microcapsules produced from protein and dextrin wall materials. It was 
observed that microcapsules produced at the highest oil loading of 83 % had a 
lower degree of surface indentation compared to those produced at lower oil 
loadings. Besides oil loading, the type of wall material used also had an effect.  
 
Microspheres produced using alginate-containing  wall  materials were found to 
be  rounder  than  those  made  using  modified  starch alone as wall material. This 
effect became increasingly pronounced as oil loading increased. This implied that 
alginate-containing microspheres were less prone to shrinkage during drying, and 























Figure 14. Effects of alginate addition and oil loading on roundness values of       






their oil encapsulating abilities. The effect of Manucol LB appeared to be more 
pronounced in this respect. 
 
 
B1.5 Specific surface area 
The BET specific surface areas of microspheres (SSABET) produced in this study 
(Fig 15) were higher than those reported by Drusch et al. (2006) and Drusch and 
Schwarz (2006) for the microencapsulation of fish oil using n-octenylsuccinate-
derivatized starch as wall material. This could be partially due to the smaller size 
of the microspheres produced in this study. There was a general decrease in BET 
specific surface area as oil loading increased, with the greatest reduction occurring 
between blank microspheres and those produced at 50 % oil loading.  
 
The specific surface area of particles can be affected by factors such as shape, size, 
porosity and surface roughness. Due to the absence of encapsulated oil, spray 
droplets shrunk considerably during drying, resulting in the formation of smaller 
microspheres with highly irregular and indented surfaces. This explains the 
formation of blank microspheres with higher SSABET. The decrease in SSABET 
became more gradual as more oil was encapsulated, finally leveling off at oil 
loadings of 150 % and above.  
 
Microspheres containing encapsulated oil shrunk to a lesser degree, forming 
microspheres with lower degrees of indentation and lower SSABET. This 
corresponded to the morphology of the microspheres described earlier.  The lower 





















Figure 15. Effects of alginate addition and oil loading on BET specific surface 





covering of surface pores by the oil (Drusch et al., 2006), and it was found in the 
present study that blank microspheres had the highest SSABET values within the 
same wall material used. 
 
Microspheres produced from formulations containing alginate as a wall material 
component generally had lower SSABET than microspheres formed from 
formulations containing only starch as wall material. This effect was more 
pronounced (p < 0.05) when Manucol LB was used. The SSABET was found to 
correspond to the SEM observations in which microspheres produced with 
Manucol LB showed lower degrees of surface indentations and thus smoother 
surfaces. The SSABET also corresponded to microsphere roundness, as these 
particular batches were found to have roundness values closest to 1. In addition, 
alginate-containing microspheres were also larger and thus had lower surface 
area-to-volume ratios as compared to smaller microspheres. The lower SSABET 
could also imply that these microspheres were less porous than non alginate-
containing microspheres.  
 
However, the effect of Manugel LBB addition on SSABET was less apparent, 
although SEM studies showed that microspheres produced using this alginate 
grade also had a lower degree of surface indentations than those  produced using 








Table 10. (A) Theoretical specific surface area and (B) index of indentation of 




Oil loading (%) 
0 50 100 150 200 250 
Formulation 
SSAtheo 
C 0.349 0.348 0.279 0.298 0.298 0.299 
LB1 0.343 0.343 0.301 0.302 0.296 0.300 
LB5 0.309 0.321 0.289 0.293 0.291 0.292 
LB10 0.293 0.300 0.282 0.282 0.284 0.283 
LBB1 0.338 0.338 0.306 0.297 0.298 0.299 
LBB5 0.327 0.335 0.292 0.291 0.294 0.295 




Oil loading (%) 
0 50  100  150  200  250  
Formulation  
Ii 
C 4.07 2.24 2.44 2.21 2.18 2.17 
LB1 3.71 2.19 2.10 2.12 2.20 2.17 
LB5 2.98 2.18 2.04 1.84 1.82 1.78 
LB10 3.04 2.07 1.99 1.81 1.80 1.77 
LBB1 3.73 2.30 2.22 2.22 2.22 2.21 
LBB5 3.09 2.12 2.33 2.24 2.24 2.24 
LBB10 3.10 2.17 2.29 2.16 2.17 2.14 
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This implied that microspheres formed from this particular formulation, although 
having smoother surfaces, could have more porous walls compared to those 
produced using Manucol LB, thereby balancing out the effects on SSABET. 
 
The relationship between SSABET and the degree of microsphere surface 
indentations (Ii) was further explored by comparing the ratio between the BET and 
theoretical specific surface areas (Table 10). Ii values closer to 1 indicate smoother 
and rounder microspheres with a lower degree of surface indentations. In general, 
Ii decreased with an increase in oil loading. At any particular oil loading, Ii values 
of alginate-containing microspheres were lower than those of microspheres 
produced using Capsul alone, although they were still rather high. This was in 
accordance with the morphological observations as described earlier.  
 
 
B1.6 Microsphere true density 
Microsphere true density values (Fig 16) in this study were generally lower than 
those obtained by other researchers for microspheres containing encapsulated 
anhydrous milkfat at comparable oil loadings, using whey protein and a blend of 
whey protein and lactose as wall material (Moreau and Rosenberg, 1998; Moreau 
and Rosenberg, 1999). The values obtained in this study were also lower than 
those obtained by Drusch et al. (2006) for fish oil-containing microspheres 
consisting of starch and glucose syrup or starch and trehalose as wall material. 
This could be due to the differences in the type of wall material and feed 

























Figure 16. Effects of alginate addition and oil loading on true density of C (◊),  




For the microspheres produced in this study, true density was affected by oil 
loading. As oil loading increased, there was a decrease in true density. This trend 
was consistent with that observed by other researchers (Moreau and Rosenberg, 
1998). However, true density values were similar among different formulations 
produced at the same oil loading.  
 
 
B1.7 Bulk and flow properties 
Powder flow is a bulk property and can be characterized by various direct and 
indirect methods. In this case, bulk and tapped density measurements were used to 
evaluate the flowability of the microspheres produced. Table 11 shows the Carr’s 
indices of microspheres produced from the different formulations and oil loadings. 
 
Microspheres produced from all the formulations generally exhibited rather poor 
flow properties, as indicated by the high Carr’s indices. According to Carr, 
powders with indices of > 40 were cohesive with extremely poor flow properties 
(Staniforth, 2002). Powder flowability can be affected by particle size and 
geometry, as well as density and composition. Powder flow behaviour has also 
been classified according to particle size (Table 12). As the microspheres 
produced in this study were very small, they had high surface area-to-volume 
ratios and were expected to be cohesive and poorly flowable. In addition, the 
presence of surface indentations on the microspheres could contribute to both an 
increase in the surface area-to-volume ratio and interparticulate contact as 
compared to perfect spheres. These would result in poorer flow properties. 
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Another major factor that contributed to the poor flow properties exhibited by the 
microspheres produced in this study was the presence of oil on the surface of the 
microspheres. This caused microspheres to be sticky and flow poorly. Poor flow 
could have a negative impact if the microspheres were eventually processed on a 
commercial scale, although flow aids could be used. Nevertheless, when used in 
solid dosage forms, quantities of encapsulated fish oil would generally be only a 
fraction of the total. Thus, the net effect on flow would likely be small. 
 
Table 11. Carr’s indices for bulk microspheres. 
 
Oil loading (%) 
0 50  100  150  200  250  
Formulation  
Carr’s Index 
C 53.8 54.6 52.1 52.5 57.0 65.2 
LB1 53.6 55.6 52.7 54.9 57.1 64.8 
LB5 52.8 53.4 50.6 53.0 55.9 60.1 
LB10 50.0 51.3 48.8 51.8 53.8 56.2 
LBB1 53.5 55.5 53.3 54.8 58.0 65.4 
LBB5 53.0 54.1 51.9 53.1 55.5 61.0 
LBB10 50.2 52.0 49.6 51.6 54.1 56.9 
 
 
Table 12. The relationship between particle size and flow properties (adapted from 
Staniforth, 2002). 
 
Particle size (µm) Flow properties 
> 250 Free-flowing 
<100 Poor-flow 
<10 Extremely poor-flowing 
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However, differences could be seen in the flow properties of microspheres 
produced with different formulations and at different oil loadings. The use of 
alginate resulted in small improvements in flow properties, while increases in oil 
loadings resulted in detrimental effects on product flow. An exception was when 
an oil loading of 100 % was used. This resulted in microspheres with better flow 
properties than those produced at an oil loading of 50 %. The reasons for this 
could be similar to those that resulted in high yields as will be explained in the 




Low oil loading of 50 % and high oil loadings of 150 % and above produced 
significantly lower yields than blank microspheres and those produced at 100 % 
oil loading (Fig 17). This showed that oil loadings that were too low or too high 
were not optimal for producing microspheres with high yields. The low yield was 
mainly due to microspheres adhering to the inner walls of the spray dryer 
components. This problem was more predominant with small and cohesive 
microspheres produced at the low oil loading and with tacky microspheres 
produced at high oil loadings.  Blank microspheres, although smaller than oil-
containing microspheres, were not tacky and hence adhered less readily to the 
spray dryer components, resulting in higher yields. 
 
At high oil loadings, the amount of wall material was insufficient to encapsulate 
























Figure 17. Effects of alginate addition and oil loading on yield of C (◊), LB1 (○),  






shrank during drying,  producing  tacky  microspheres.  However, the yield 
prepared at an oil loading of 100 % was significantly higher (p < 0.05).  This 
could be due to its greater size and more efficient encapsulation resulting in less 
surface oil, and consequently less sticking.  
 
Besides the microsphere size and surface oil present on the microsphere, yield was 
also affected by roundness and flowability. Rounder particles would tend to flow 
better and would be less likely to stick on the internal surfaces of the spray dryer, 
allowing more product to be collected. This could be one of the factors 
contributing to the higher yields obtained with alginate-containing formulations. 
Formulations with greater yields also coincided with those with lower Carr’s 
indices, indicating that more flowable products would be more easily conveyed to 




In short, partial substitution of Capsul with Manucol LB or Manugel LBB resulted 
in the formation of microspheres which were larger, rounder and more flowable. 
This gave rise to improvements in ME and greater yields. Manucol LB was 
appreciably more useful than Manugel LBB in these aspects. The properties of 




B2. Oil content and stability on storage 
After investigating the oil retention properties of the microspheres, it became 
pertinent to determine the ability of the microsphere matrix to preserve the 
integrity of the encapsulated components of interest. Studies have shown that both 
the type of wall material and oil loading can affect the degree of protection to 
encapsulated materials (Minemoto et al., 2002b; Hogan et al., 2003; Drusch et al., 
2007).  
 
Three factors were investigated in the present study: alginate content, alginate 
type and oil loading. Microspheres produced with high oil loadings of 200 and 
250 % exhibited an extensive amount of caking and sticking on storage. They 
could not be easily dispersed within the solvent, hindering the oil extraction 
process. Hence, oil content on storage for these oil loadings could not be reliably 
determined and was therefore not reported here.  
 
As EPA and DHA are widely considered to be the main active components within 
fish oil, their levels were monitored during the study. Since polyunsaturated fatty 
acids (PUFAs) are sensitive to the effects of heat and humidity, the microspheres 
were stored at 40 °C and 70 % relative humidity to accelerate the degradation 
process of EPA and DHA. As a control, bulk unencapsulated oil was also 
subjected to the same storage conditions and analyzed at appropriate intervals. 
Most studies on microencapsulated fish oils have determined the oxidative 
stability of the encapsulated oil by analyzing lipid oxidative parameters like 
peroxide and anisidine values (Keogh et al., 2001; Hogan et al., 2003; Kolanowski 
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et al., 2006; Drusch et al., 2007), but have not quantified the residual amount of 
PUFAs, which is also an important indicator of microsphere functionality or 
encapsulant protective capability. It served as a direct indicator of the actual 
amount of active material present on storage, and was found to be a useful method 
for monitoring the stability of ω-3 polyunsaturated fatty acids in fish protein 
concentrate (Bórquez et al., 1997).  
 
Figures 18-20 show the change in EPA and DHA amounts over time for the 
different compositions of wall materials used at the various oil loadings. 
Regardless of the wall material or oil loading used, the greatest decrease in EPA 
and DHA contents for microspheres occurred over the first 3 days of storage. This 
was likely to be brought about by the degradation of oil present on the surface of 
the microspheres. Due to their high degrees of unsaturation, PUFAs are 
susceptible to oxidation, a degradative pathway which was affected by light, 
temperature and humidity (Heinzelmann and Franke, 1999). Since physical 
contact between the oil and oxygen had to take place before degradation could 
occur, the surface area of oil exposed to oxygen would thus determine the rate and 
degree of degradation. The microspheres with an oil coating would be subjected to 
a high rate of oxidation due to its large effective surface area. The unencapsulated 
oil existing in its bulk form had a lower exposed effective surface area than the oil 
distributed on the surface of the microspheres. Thus, when subjected to the harsh 
storage conditions, there was a lower initial reduction in EPA and DHA amounts 
for the bulk oil (Fig 20).  This effect was also observed by Márquez-Ruiz et al. 
(2000) when the oxidation process of freeze-dried fish oil emulsions and bulk fish 











































Figure 18. EPA and DHA content on storage for unencapsulated oil (♦), C (◊),      
LB1 (○), LB5 (□), LB10 (∆), LBB1 (●), LBB5 (■) and LBB10 (▲) microspheres 










































Figure 19. EPA and DHA content on storage for unencapsulated oil (♦), C (◊),      
LB1 (○), LB5 (□), LB10 (∆), LBB1 (●), LBB5 (■) and LBB10 (▲) microspheres 










































Figure 20. EPA and DHA content on storage for unencapsulated oil (♦), C (◊),      
LB1 (○), LB5 (□), LB10 (∆), LBB1 (●), LBB5 (■) and LBB10 (▲) microspheres 
produced with 150 % oil loading. 
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The decrease in EPA and DHA contents became more gradual over the 
subsequent period of storage, approaching a plateau at around Day 42. The 
gradual decline could be accounted by the slower penetration of oxygen to reach 
the encapsulated oil due to the physical barrier formed by the microsphere wall 
matrix, while the plateau could be attributed to markedly reduced oxygen 
accessibility to the oil in the deeper interior of the microsphere. Studies have also 
shown that microspheres stored at elevated temperature and humidity were 
susceptible to caking (Beristain et al., 2003; Jiminez et al., 2004), which was also 
observed in this study. This could also have decreased the ability of oxygen to 
enter and diffuse further into the microsphere matrix. As for the unencapsulated 
oil, no protective barrier was present, resulting in almost complete loss of EPA 
and DHA at the end of the stability study over 56 days. 
 
For the 3 oil loadings studied, microspheres made from wall materials consisting 
of purely modified starch or lower levels of alginate had generally lower levels of 
EPA and DHA on storage compared to microspheres made using a greater amount 
of alginate as wall material. This could be a result of differences in the 
morphology of microspheres made from the different formulations. As discussed 
in the earlier section, microspheres made from modified starch alone or lower 
amounts of alginate as wall material had a greater degree of surface indentation 
compared to microspheres made from the rest of the formulations. A higher 
degree of surface indentations would contribute to a greater extent of deterioration 
of EPA and DHA as it would provide a greater effective surface area for oxygen 
exposure and diffusion. This postulation was confirmed by BET surface area 
measurements and Ii values. As the proportion of alginate increased, the degree of 
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indentation decreased, making the encapsulated oil less susceptible to the 
damaging effects of oxygen. The differences in oil stability could also be related 
to the size of the microspheres, as alginate-containing microspheres were found to 
be larger. This results in lower surface area-to-volume ratios for the exposure of 
oil to degradation.  
 
For microspheres produced at lower oil loadings of 50 and 100 %, up to 80 % of 
EPA and DHA remained at the end of the stability study. For microspheres 
produced with an oil loading of 150 %, only about 50 % of EPA and DHA were 
preserved. This difference was likely due to the physical presence of a greater 
proportion of oil present nearer to the microsphere surface when a higher oil 
loading was used. Nevertheless, it was shown that microencapsulated fish oil was 
better protected against degradation than the unencapsulated bulk oil. In addition, 
the partial substitution of Capsul with Manucol LB (Formulation LB10) afforded 
about 10 % greater protection of EPA and DHA than the use of modified starch 
alone for oil loadings of 50 and 100 %, and about 20 % greater protection was 
achieved for an oil loading of 150 %. 
 
It is known that the deterioration of lipids occurs mainly via an auto-oxidative 
process, which involves the initiation, propagation and termination of free radical 
pathways (Brimberg, 1993). The oxidation reaction therefore depends on the 
diffusion of oxygen into the material. The kinetics of lipid oxidation has been 
described mainly using an autocatalytic type of equation, which has been found to 
be adequate for describing the oxidation process of PUFAs when present in their 
bulk form (Adachi et al., 1995; Ishido et al., 2001). However, for 
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microencapsulated oil, the oxidation process is complicated by other factors 
including the method of microencapsulation, oil loading, presence of the 
protective microsphere matrix shielding the encapsulated oil from the external 
environment and possible interactions between the microsphere matrix and the 
encapsulated material (Ishido et al., 2003; Watanabe et al., 2004). The Weibull 
model was originally developed to describe shelf life failures (Weibull, 1951; 
Gacula and Kubala, 1975; Cunha et al., 1998), and had been used to express the 
oxidation kinetics of a variety of substances including microencapsulated PUFAs 
and volatile flavours (Soottitantawat et al., 2004; Watanabe et al., 2004) and the 
degradation of food compounds (da Silva et al., 2005). 
 
Figures 21-23 show the plot of ln [-ln(C/C0)] against ln t for EPA and DHA in the 
microspheres produced with different oil loadings. Table 13 shows the values of k, 
n and correlation coefficients derived from the plots. The r2 values showed good 
linear correlations for the formulations produced, indicating that the Weibull 
model was suitable for describing the degradation rates of EPA and DHA in the 
microspheres produced in this study. From the rate constants (k), it was evident 
that EPA and DHA contents within the alginate-containing microspheres had 
generally lower rates of degradation compared   to those produced   using   only   
modified  starch   as  wall material at similar oil loadings studied (p < 0.05). It 
could also be seen that as the alginate content within the microspheres increased,  
the rate of  degradation  of EPA and DHA decreased for microspheres produced at 
all oil loadings (p < 0.05). Although this was seen for both Manucol LB and 











































Figure 21. Application of the Weibull model to DHA and EPA content on storage 
for unencapsulated oil (♦), C (◊), LB1 (○), LB5 (□), LB10 (∆), LBB1 (●),     










































Figure 22. Application of the Weibull model to DHA and EPA content on storage 
for unencapsulated oil (♦), C (◊), LB1 (○), LB5 (□), LB10 (∆), LBB1 (●),     
















































Figure 23. Application of the Weibull model to DHA and EPA content on storage 
for unencapsulated oil (♦), C (◊), LB1 (○), LB5 (□), LB10 (∆), LBB1 (●),     
LBB5 (■) and LBB10 (▲) microspheres produced with 150 % oil loading. 
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Table 13. Parameters derived from the Weibull model for EPA and DHA 
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8.6 x 10-3 7.2 x 10-3 0.97 0.97 
astandard deviation < 0.0001; bstandard deviation < 0.003; values in parentheses 




There were also differences in the rates of degradation between EPA and DHA for 
oil loadings of 50 % and 100 %. In these formulations, the rate of DHA 
degradation was greater than that of EPA (p < 0.05). This phenomenon has not 
been previously reported in studies involving the microencapsulation of fish oil. 
However, it is known that the degree of unsaturation can affect the degradation 
profile of PUFAs (Cozzolino et al., 2005). DHA has one more double bond than 
EPA, which could have resulted in DHA being more susceptible to oxidation than 
EPA. This effect was not seen at a high oil loading of 150 %. This could be due to 
the much higher rates of degradation of both EPA and DHA at this oil loading, 
masking the effect of the degree of unsaturation on oxidation rate. The shape 
constants (n) were less than 1, indicating that the degradation rates of EPA and 
DHA decreased over time. This could be attributed to the increasing impedance to 
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oxygen penetration into the microsphere matrix or exhaustion of the surface oil 


























B3. Mechanical properties  
The impetus for carrying out studies on the mechanical strength of microspheres 
was three-fold. Firstly, the partial substitution of modified starch with alginate 
might affect properties of the microspheres other than their morphological 
characteristics and oil retention capacities. Secondly, little information is available 
on the methods available for the investigation of mechanical properties of oil-
loaded microspheres existing in bulk. Lastly, these studies could provide an 
indication of the ability of the oil-loaded microspheres to withstand mechanical 
stresses during handling and processing, as they could potentially be formulated as 
components in tablet dosage forms.  
 
Microencapsulation essentially involves the formation of a film-like barrier 
between the microencapsulated material and the external environment. Chan et al. 
(2006) and Lee et al. (2006) have used alginate films as models for the study of 
the mechanical properties of alginate matrices. It was thus thought that the 
mechanical properties of the microsphere matrix could be inferred through the 
study of the tensile properties of films cast from the same wall material 
components used to form the microspheres in the present study.  However, it was 
found that solutions and emulsions containing modified starch alone and those 
with low amounts of alginate were not able to form intact films upon drying 
without the addition of a plasticizer. This renders the method of using cast films 
unsuitable for the evaluation of the mechanical properties of the microsphere 
matrix in this case, as the presence of plasticizer could affect the tensile properties 
of the films to different degrees for different wall material compositions. This 
prevented valid comparisons to be made. Moreover, plasticizers were not used in 
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the formation of microspheres, and direct inferences of microsphere matrix 
strength from film tensile strength would be less plausible. 
 
 
B3.1 Method development 
Tabletting is a process commonly used for the manufacture of final dosage forms 
in which materials are subjected to a high degree of compaction pressure. As such, 
it was of interest to study the mechanical properties of microspheres when 
subjected to compression forces. However, before the mechanical properties of 
oil-loaded microspheres formed from different wall materials could be compared, 
preliminary investigations were needed to determine the factors that could affect 
the extent of oil leakage from the microspheres. This was carried out on a test 
batch of microspheres containing modified starch as wall material produced with 
100 % oil loading. Factors that could potentially affect the extent of oil leakage 
from microspheres subjected to compression are listed in Table 14.  
 
The first step of the experimental study involved the determination of a suitable 
amount of microspheres and the compression forces to be used for each test. 
Ideally, the amount of microspheres should be just sufficient to form a thin film of 
microspheres upon compression to ensure an even distribution of forces 
throughout the microsphere compact without compromising reproducibility and 
ease of handling. It was found that an amount equivalent to 60 mg of 
microspheres was a suitable compact load to be tested. In addition, the 
compression force had to be high enough to result in oil leakage without forming a 
hard compact that required additional forces to break up. This would minimize the 
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exposure of microspheres to additional post-compaction forces that could be 
difficult to quantify.  
 
 
Table 14. Factors affecting extent of oil leakage from compressed microspheres. 
 
Microsphere factors Test parameters 
Nature of wall material Compression force 
Oil loading Compression speed 
Microsphere weight 
Microsphere size 
Dimensions of die 






After conducting a series of preliminary studies using different compression 
forces, it was concluded that a compression force of 200 N was the maximum for 
the formation of a compact that still could be easily broken down. The other test 
parameters, namely the compression speed and die dimensions, were kept constant.  
 
To ensure an even force distribution throughout the compact during compression, 
the use of spacers was explored. The ferronyl powder used was found to adhere 
strongly to the microspheres. This hindered the accessibility of the solvent to the 
surface of the microspheres to extract the oil that had oozed out during 
compression of the microspheres. This led to a significantly lower % oil leakage 
obtained.  The use of stainless steel shots,  on the other hand, increased oil leakage  
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from microspheres, although the effect tapered off as the spacer-to-microsphere 
ratio was increased. It was found that a spacer-to-microsphere ratio of 3 : 1 was 
optimal for the microsphere formulation studied. A diagrammatic representation 
















Figure 24. Illustration of the microsphere and spacer distribution with the use of 











 Microspheres  Ferronyl powder 
 Microspheres   Stainless steel shots 
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B3.2 Oil leakage studies 
Microspheres from formulations prepared with oil loadings of 50, 100 and 150 % 
were subjected to a compression force of 200 N. Microspheres produced at the 
higher oil loadings of 200 and 250 % were not tested due to the presence of 
excessive amounts of surface oil affecting the reliability of the results that could 
be obtained. 
 
Figure 25 shows the extent of oil leakage from the microspheres produced at 
different oil loadings. It was observed that the addition of alginate reduced the 
extent of oil leakage from microspheres produced at all oil loadings. This effect 
was more pronounced when Manucol LB was used. Compared to microspheres 
produced using modified starch alone as wall material, an approximately 50 % 
reduction in oil leakage was achieved using formulation LB10 at 50 % oil loading, 
and at high oil loadings of 100 and 150 %, the extent of oil leakage was reduced to 
approximately 30 % of what was observed for the former. This supported the 
explanations given in the earlier sections regarding the ability of alginate, 
especially Manucol LB, to confer increased mechanical strength to the 
microspheres produced, making them more resistant to shrinkage, collapse and 
deformation. As oil loading increased, so did the extent of oil leakage. This was 
likely due to the presence of a greater amount of oil available within the 


















































Figure 25. Oil leakage from microspheres produced with (a) 50 %, (b) 100 % and     






C. PAT for microsphere sizing  
Although spray drying is a method that has been well established for the 
production of dry powders, few studies have been reported on the real-time 
control and monitoring of the spray drying process. This is important as 
fluctuations may occur during production, which may affect final product quality. 
As mentioned in the earlier section, microencapsulation is carried out for a variety 
of reasons including controlled release, taste masking and protection of 
encapsulated material from the external environment. In all of the above 
applications, microsphere size can have direct and indirect effects on the desired 
functions. In-, on- and at-line process analyzers enable the possibility of 
continuous particle size monitoring and potentially allow greater understanding of 
the process. Any potential variations in particle size during production and 
machine start-up and shut-down could be detected with these real-time process 
monitoring techniques. They could also allow the determination of how long it 
would take the particle size to change when a certain process parameter is varied. 
Periodic sampling and particle sizing using traditional off-line techniques would 
not be sensitive enough to detect rapid process changes.  
 
The aim of this part of the study was to apply a PAT system in the form of an in- 
or at-line laser diffraction particle sizer to the spray drying process, and to 
evaluate their effectiveness as a real-time monitoring tool in the pilot scale spray 
dryer used for microsphere production. Spray drying conditions were varied to 
study the sensitivity of the particle sizer to changes during the spray drying 
process. Different formulations and materials were also spray-dried. The 
usefulness and limitations of using the PAT instrument were explored. This was 
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compared to the use of conventional sizing methods like off-line laser diffraction 
and light microscopy.  
 
 
C1. In-line monitoring of real-time changes 
One of the most important characteristics of an in-line set-up is its ability to detect 
real-time changes during the production process. As with most process equipment, 
spray dryer operation involves a period of start-up and shut-down, during which 
product quality is most prone to fluctuation. Microsphere size is an important 
quality characteristic, and has been shown to affect the functional and processing 
capabilities of the microspheres. Using any off-line sizing methods, it would be 
virtually impossible to gather time-sensitive information on the product quality 
and the exact duration required for the product to fall within the required 
specifications after process start-up.  
 
The in-line sizing set-up was used for continuous monitoring of microsphere size 
throughout the spray dryer operation, with a measurement update period of one 
second. It was able to provide information on the exact duration required for the 
process to stabilize from start-up, allowing real-time decision to be made on when 
steady-state was achieved (Fig 26a). In this study, about 2 min was found to be an 
adequate lag time for a stabilized Dv(50) to be attained. As the duration of start-up 
could now be accurately determined, the precise switch-over to product collection 
could be achieved, avoiding unnecessary product wastage and establishing greater 
confidence in product quality. Furthermore, the exact end-point could be 













Start 11:59:26 Steady state 12:01:33 
 0.00 
  12.50 
  50.00 
  37.50 


























  12.50 
  50.00 
  37.50 






















It was hypothesized that the in-line laser diffraction system could detect real-time 
changes during normal process operation. To test this hypothesis, certain process 
variables that could affect particle size had to be varied. In this case, the atomizer 
pressure was chosen. A lower atomizer pressure would result in a reduction in the 
atomizer wheel speed due to less energy available to power the rotation of the 
atomizing wheel. Using selected formulations, the atomizer wheel speed was 
lowered from 27,500 to 23,000 rpm during the run. This was expected to result in 
an increase in particle size due to the formation of larger spray droplets. However, 
the median particle size appeared to be unchanged from the time history window 
in real-time, as the difference was only a few microns (Fig 27a). The results were 
found to be greatly affected by the presence of much larger agglomerated particles. 
As a result, the measured median size values seemed to fall within the usual 
variations of multiple replicated particle size measurements. Only upon detailed 
post-acquisition data analysis, in which the influence of the agglomerates was 
removed, were the differences in median particle size values apparent (Fig 27b). 
Changes in the time history graph for median particle size would likely have been 
more evident if the size differences were greater or if the particles were more free-
flowing.  
 
However, this did not imply that the measurement technique was insensitive to 
changes in particle size, as if it was so, these differences would not be elucidated 
during post-acquisition data analysis. It was more likely due to the limited ability 
to visualize small changes in real-time, especially with confounding factors such 
as concurrent incidences of particle agglomeration. The apparent limited 








Figure 27. Particle size history (a) in real-time and (b) after data analysis for in-line laser diffraction. 
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involving the use of the Insitec in-line sizing system with a classifier mill (Crosley 
et al., 2001). Changing the grinding classifier rotor speed did not give rise to a 
noticeable change in Dv(50) in the time history graph. Instead, the change was 
more obvious in the Dv(90) line as rotor speed was decreased. In the present study, 
the effect on Dv(90) was also not apparent due to the presence of a high degree of 
agglomeration masking the changes in primary particle size. 
 
 
C2. Microsphere sizing 
Microsphere sizing results obtained using the various techniques showed similar 
trends (Table 15). This was regardless of whether in-line (ILLD), at-line (ALLD) 
or off-line (OLLD) laser diffraction or light microscopy (LM) was used. However, 
there were quantitative differences in size measurements obtained using the four 
methods. For all types of microspheres produced, median particle size results were 
in the order ILLD > ALLD ≈ OLLD > LM. As the purpose of this part of the 
study was to evaluate the application of the PAT system and not to further 
characterize the size distribution of all the microspheres produced, only selected 











Table 15. Dv(50) and Span values measured using in-line laser diffraction (ILLD), 
at-line laser diffraction (ALLD), off-line laser diffraction (OLLD) and light 





Dv(50) (µm) at oil loading (%) of Measurement 
technique 0  50 100 150 
ILLD 37.7 (13.4) 44.8 (14.9) 119.3 (16.2) 157.3 (13.3) 
 4.5 a (2.5)  7.3 (2.9) 2.7 (0.7) 2.0 (0.1) 
ALLD 18.5 (0.1) 19.3 (0.1) 19.7 (0.1) 20.7 (0.4) 
 1.6 (0.1) 1.8 (0.1) 1.6 (0.1) 2.1 (0.0) 
OLLD 18.6 (0.1) - - - 
 1.5 (0.2) - - - 
LM 13.4 (0.3) 15.5 (0.2) 19.3 (0.4) 18.7 (0.4) 




Dv(50) (µm) at oil loading (%) of Measurement 
technique 0  50 100 150 
ILLD 35.8 (12.2) 38.9 (13.3) 81.9 (13.9) 105.5 (15.6) 
 3.7 (2.2) 3.1 (1.9) 3.1 (0.9) 5.8 (2.6) 
ALLD 21.0 (0.1) 22.3 (0.1) 22.7 (0.2) 23.2 (0.2) 
 1.4 (0.1) 1.5 (0.1) 1.4 (0.1) 1.6 (0.1) 
OLLD 21.6 (0.1) - - - 
 1.3 (0.1) - - - 
LM 16.4 (0.2) 17.1 (0.2) 18.8 (0.4) 19.5 (0.3) 
 - - - - 





C2.1 In-line laser diffraction 
In-line size analysis gave rise to very large Dv(50) and standard deviation values 
for microspheres produced. These values were unlikely to be representative of the 
true individual microsphere size. The broad, bimodal size distributions (Fig 28) 
were likely due to microsphere agglomeration, with discrete microspheres forming 
the smaller mode and agglomerates contributing to the larger mode value. This 
was because agglomerates were not differentiated from discrete microspheres 
during measurement. As oil loading increased, so did the extent of agglomeration, 
as could be seen from the sizing results obtained. This was also observed under 
light microscopy. It was mainly due to the presence of a greater amount of surface 
oil resulting in more sticky microspheres. The high incidence of agglomeration 
was also due to the small size and cohesive nature of the microspheres as 
discussed in an earlier section.  
 
Microspheres produced using formulation LB10 as wall material, in comparison 
with those produced using only modified starch as wall material, gave rise to 
slightly narrower particle size distributions, although the size distribution curves 
were also bimodal. Median particle size values were slightly less elevated 
compared to microspheres produced using modified starch as wall material at the 
same oil loadings. This was likely due to the lower amounts of surface oil present 
on the microspheres. Coupled with increased roundness and relatively better flow 
properties, these microspheres had  lower  tendencies to  agglomerate,  resulting in  
narrower size distributions. Span values for ILLD were generally higher than 
those obtained by the other techniques as a result of broader size distributions due 
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Figure 28. Particle size distribution curves obtained from in-line sizing of C (open 
 122 
material, maltodextrin, was spray dried and subjected to in-line size analysis (Fig 
29). It was observed that the second mode of the particle size distribution curve 



























For the in-line set-up used in this study, spray dried microspheres from the drying 
chamber entered  the measurement zone without any prior particle dispersion 
stage. This was unlike on-line PAT systems with  eductors which extracted a 
 123 
portion of the product from the main process line for size analysis allowing 
additional sample dilution and dispersion (Fig 30a) (Harvill et al., 1995; Crosley 
et al., 2001). For the in-line setup in this study, agglomerates were not broken up 
and were thus taken to be single particles, resulting in grossly elevated particle 
size values. Since agglomeration was a random process, the incidences, sizes and 
shapes of agglomerates varied. This could explain the unusually high second 
mode seen in the particle size distribution curves. It could also potentially affect 
the accuracy of the in-line particle size measurement results, as laser diffraction 
data analysis algorithms usually relied on spherical and discrete particle models 
(Ma et al., 2000; Matsuyama and Yamamoto, 2004).  
 
In addition, the quality of data collected by any laser diffraction instrument could 
be affected by high particle concentrations due to multiple scattering effects 
(Black et al., 1996), although built-in algorithms were available to correct for this. 
Multiple scattering reduces estimated median values and extends the span in the 
direction of smaller particle sizes. However, the aforementioned phenomenon was 
not expected to be a problem in this study as particle concentrations were 
relatively low as compared to large-scale industrial processes. This could be seen 
from the high average light transmission values (>90 %) obtained during the size 
measurements, implying that less than 10 % of the light from the laser beam was 







































The problem of particle agglomeration could potentially be overcome by the 
incorporation of an additional sample dispersion system directly into the process 
line. In this case, it could be the addition of an in-line purge air system at the point 
just before the microspheres reach the particle sizer (Fig 30b). In this way, 
agglomerates could be broken up into discrete particles for analysis. However its 
effects on the primary product flow had to be evaluated to ensure that minimal 
disruption occurs. Care should also be taken for friable products. Hence, it would 
be preferable to turn on the purge air flow at periodic intervals when 
measurements were taken, instead of leaving it on throughout the run. As such, a 
totally enclosed system could be achieved with effects similar to those of at-line 
systems. Appropriate real time analysis of the captured particle size distributions 
could also be carried out.  
 
Data analysis could also be performed to mathematically separate the bimodal 
curves into 2 single curves, or to report particle size as 2 separate values: one for 
primary particle size and the other for agglomerates (Fig 31). This could be a 
useful qualitative indicator of the extent of agglomeration of a particular product. 
If it is certain that the particles greater than a specific size were agglomerates and 
were not of interest, the range of data acquisition could also be modified to 


































































Figure 31. Separation of bimodal distribution into 2 different modes. 
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Another potential disadvantage with the use of the in-line system, as opposed to 
the use of at-, on- or off-line systems, was that production would be affected in the 
event of optical window contamination, as the process had to be stopped before 
the lenses could be cleaned. This would be minimized if the purge air system was 
properly maintained. On-line systems with a bypass design or at-line set-ups, 
which allow cleaning of the lenses without interrupting the main production 
process, are superior in this aspect. The bypass design would also be the only 
method to fit a sizing system for larger production machines where the 
throughputs per unit time are just too high to be sized whole and reliably in-line.  
 
In-line systems would, however, be very useful in areas like crystallization and 
flocculation, where an accurate reflection of agglomeration behaviour is desired. 
In the present study, it also allowed the qualitative determination of the propensity 
of the microspheres to agglomerate. Such systems would also be useful for friable 
materials which could be broken down by the eductor air flows of the at-line and 
on-line sizers.  
 
One of the most important characteristics of the in-line set-up was its sensitivity to 
product changes during the production process. In this case, the measurement 
update period was set at 1 second, which meant that sizing was performed at 
second-by-second intervals. This would not be practically possible with off-line 
techniques. It allows the system to provide valuable real-time information on 
optimization processes and in detecting intermittent process upsets which may be 
missed by off-line measurements. Non-destructive throughput allows full recovery 
of the product, which is especially important for costly materials. No manual 
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sampling is needed, greatly reducing operator exposure to potentially harmful 
materials. Moreover, sterile products can be protected from the external 
environment. Product information is collected from the entire run, allowing 
greater process understanding and possibly, timely feedback controls. 
 
Although there was no necessity for post-production sampling plans and sample 
collection and preparation, careful pre-commissioning planning and design were 
required before installation of the in- or on-line measurement system. Especially 
for on-line systems, they had to be positioned at locations of uniform product flow 
to ensure representative sample extraction (Crawley, 2001). Any factors, such as 
vibrations, leaks or elbows in the delivery pipes that could affect product flow had 
to be considered.  Sampling probes would have to be located at a reasonable 
distance away from these sources.  The measurement system itself should also be 
fixed such that the original product flow remained unaffected (Crosley et al., 
2001).  
 
As the in-line set-up was used in this study, no sample extraction was performed 
and product flow effects on particle size were expected to be less than those 
encountered in on-line systems. Nevertheless, care was taken to position the sizer 
as far as away from the elbows in the delivery pipe as possible. In addition, the 
vast amount of information generated with the use of PAT in industrial settings 
requires specialized data management systems and judicious interpretation of data 




C2.2 At-line laser diffraction 
C2.2.1 Optimization of sizing conditions 
At-line instruments are useful for their mobility and flexibility while satisfying 
PAT requirements. The at-line set-up was hence employed with the same laser 
diffraction equipment but positioning it adjacent to the spray dryer. Sampling was 
carried out at periodic intervals. As sample feed rates and eductor air flow rates 
could affect particle size results, these parameters had to be optimized before 
actual runs were conducted. The sample feed rates used included those that gave 
the microsphere concentration expected to be encountered in-line in this study 
(400 – 600 g/h). 
 
Generally, median particle size started to decrease as eductor air flow increased 
(Fig 32). This was due to agglomerate breakdown. However, as the eductor air 
flow increased further, there was a slight rise in median particle size. Besides 
aiding agglomerate dispersion, the eductor air flow also served to accelerate the 
particles towards the measurement zone. The increase in median particle size at 
this time was probably due to the agglomerated particles reaching the 
measurement zone before they had time to be sufficiently dispersed. This also 
showed that the individual microspheres were strong enough to withstand the 
impact of the purge air forces used such that they were not broken down, which 
would have resulted in a sudden decrease in particle size instead.  
 
Span values showed an increase followed by a decrease as eductor air flow 
increased (Fig 33). This effect was more obvious for microspheres prepared using 
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Figure 32. Effect of eductor air flow on Dv(50) for at-line sizing of C (open 
















50 % oil loading
100 % oil loading








0 2 4 6 8 10




50 % oil loading
100 % oil loading





Figure 33. Effect of eductor air flow on span for at-line sizing of C (open 
symbols) and LB10 (closed symbols) microspheres. 
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At  very low eductor air flow rates, majority of the particles were agglomerated, 
and the negating effects of  both  high  Dv(50) and  Dv(90)  values  resulted  in  
lower span  values.  At moderate eductor air flow rates, although Dv(50) values 
started to decrease, Dv(90) values were still high due to insufficient breaking up 
of large agglomerates, resulting in a  comparative  increase in  span.  As eductor 
air flow rate was increased further, most of the large  agglomerates  were broken 
down, resulting in a decrease in span values again. However, as eductor air flow 
rate was increased above 6-7 m3/h, a sharp rise in span was observed. This could 
be attributed to the greatly increased Dv(90) values due to the rapid acceleration 
of agglomerated particles to the measurement zone, as well as air turbulence 
effects at these high air flow rates resulting in increased incidences of particle 
collision and agglomeration.  
 
The optimal eductor air flow required was material specific. Minimum particle 
size was achieved at different eductor air flow rates for microspheres made using 
different wall materials, although microspheres made with different oil loadings 
behaved similarly for a particular wall material. For LB10 microspheres, it was 
found that an eductor air flow of 6 m3/hr was sufficient to break up the 
agglomerates to achieve minimum Dv(50) and span values. For blank and oil-
loaded microspheres of modified starch, however, a higher eductor air flow of 7 
m
3/hr was needed. This implied that microspheres made using modified starch as 
wall material required greater energy for dispersion. This could be due to the 
inherent poorer flowability and more cohesive nature of microspheres made using 
modified starch as discussed earlier. These results implied that experimental 
conditions had to be tailored to the type of material sized. More cohesive materials 
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would possibly require higher eductor air flow rates for sufficient agglomerate 
dispersal.  
 
The effect of feed rate was investigated using these optimized eductor air flow 
rates. It was found that particle size results were not significantly affected by the 
feed rates used in the present study (p > 0.05). 
 
 
C2.2.2 Microsphere sizing 
Figure 34 shows the size distribution curves obtained using the at-line laser 
diffraction system. For microspheres produced using both types of wall material, 
the second mode was barely noticeable and appeared more like an extended tail of 
the size distribution curve. This implied that although most of the agglomerates 
were broken up by the eductor air flow, there was still a small percentage of them 
remaining. This was especially pronounced for blank microspheres made of 
modified starch, which due to their highly collapsed nature, had much greater 
tendencies for agglomeration at regions of inter-particle contact. This also 
suggested that some agglomerates were formed during the spray drying process 
before microspheres were completely dried, resulting in fused microspheres. A 
closer look at the Dv(50) values (Table 15) showed significant differences 
between in-line and at-line sizing. Standard deviation values were also much 
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Figure 34. Particle size distribution curves obtained from at-line sizing of C (open 
symbols) and LB10 (closed symbols) microspheres. 
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Some of the advantages of using an at-line set-up as opposed to in-line set-up are 
greater flexibility and cost-effectiveness.  Instead of having a dedicated in-line or 
on-line instrument for each process line, an independent unattached particle sizer 
could be used for many different lines or moved to different sampling points in the 
same process line. Due to its close proximity to the process equipment, rapid 
sampling, analysis and process modifications may also be achieved. As shown in 
this study, the at-line set-up was especially useful for determining the unit particle 
size of materials prone to agglomeration as it allowed adequate sample dispersion. 
The at-line system could also be attached in- or on-line if needed. 
 
However, compared to an in-line system, ALLD was not as useful as an in-
process tool for the detection of subtle changes in product quality monitoring due 
to practical limitations in sampling frequency, although response times for ALLD 
were relatively quicker than conventional bench-top sizing equipment. The need 
for manual sampling and feeding requires trained operators and would likely be 
more prone to human errors and biasness compared to in- and on-line systems. It 
is also a destructive analysis as  sample recovery is generally impractical. This 
would have an impact on the production of costly materials. Unlike the in-line set 
up, it is not a totally enclosed system. This gives rise to safety and environmental 
concerns for potent or toxic materials. It would also be less suitable in cases where 






C2.3 Off-line laser diffraction 
Off-line laser diffraction was only used to size non-oily powders due to practical 
limitations associated with oil contamination along the sample conduit which 
required extensive cleaning after each size determination. Dv(50) values obtained 
off-line were similar to those determined at-line and bimodal size distributions 
were also observed (Fig 35). This indicates that some agglomerates were still 
present. However, the second mode for off-line laser diffraction was lower than 
that of in-line measurements. This could be attributed to some degree of aggregate 
breakdown during post-production handling and transit within the conveying 
conduit of the off- line sizer during size measurement. However, these forces were 
not sufficient for complete agglomerate dispersal and thus would still be 
unsuitable for very cohesive powders. As mentioned earlier, particle 
contamination was a potential problem for the off-line sizer, which also limited 
the type of material that could be characterized. 
 
 
C2.4 Light microscopy 
Light microscopy, combined with an image analyzer, was employed as the 
primary method for particle sizing especially in the initial part of the study as it 
allows differentiation between individual microspheres and agglomerates. It also 
allows the measurement of microsphere roundness, which is one of the indicators 
of microsphere quality and functionality. Direct observation of particle 
morphology is also possible, which is especially useful during the initial 
optimization and development phase where little information is available on 























Figure 35. Particle size distribution curves obtained from off-line sizing of blank 




A comparison between median particle size results obtained by light microscopy 
and laser diffraction techniques showed that Dv(50) values were the lowest when 
measured using light microscopy (Table 15). This was because for light 
microscopy, only discrete microspheres were sized, giving the lowest median size 
values. The difference in Dv(50) values was also compounded by the fact that the 
laser diffraction measurements produced volume-weighted values, unlike 
measurements performed using the microscope which gave rise to number-
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weighted values. Volume-weighted values were always higher than number-
weighted ones. For oil-loaded microspheres, the disparities between size data 
obtained with the in-line laser diffraction sizer and light microscopy/image 
analysis were even greater at higher oil loadings, due to increased tendencies of 
the microspheres to adhere to one another in the presence of surface oil.  
 
Although light microscopy enabled visualization of particle morphology, it was 
manual and tedious as clumps or agglomerates had to be visually discerned. 
Images of microspheres to be sized were taken and their outlines demarcated 
before automated size measurements were initiated. For a statistically valid 
measurement, a very large number of microspheres had to be measured and this 
was time consuming. Thus, particle sizing by light microscopy was significantly 
less efficient than the laser diffraction method used. Besides requiring lengthy 
analyses, it is potentially liable to operator biasness and sampling errors. The 
relative proportion of product analyzed was also much lower for the microscopic 
method as compared to laser diffraction. This limitation in sample size could 
result in measured size values being significantly different from the true value, as 
a substantial number of much smaller or larger particles present in low amounts 
could have escaped observation. As such, Andrès et al. (1998) concluded that the 
light microscopic method was less useful for powders with broad size 
distributions.  However, it is possible to estimate the minimum sample size 
required to establish valid microscopic sizing results (Paine, 1993). As with at-line 
and off-line laser diffraction methods, particle size results would only be 
meaningful if samples remained unchanged after production. 
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However, the relatively low efficiency of the light microscopic method could be 
overcome by the use of faster alternative image-based techniques like digital 
surface imaging (Laitinen et al., 2003) and dynamic image analysis (Xu and Di 
Guida, 2003). It is also useful for the characterization and sizing of non-spherical 
particles. On the other hand, laser diffraction instruments generally do not 
distinguish well between particle shapes and mainly rely on spherical models in 
the computation of particle sizes (Black et al., 1996), although techniques are 
available to size non-spherical particles as well (Ma et al., 2000; Matsuyama and 
Yamamoto, 2004). In the present study, this was not a major problem as the spray 





A feasibility study on the use of PAT for microsphere sizing during spray drying 
was conducted. It was found to be a rapid and convenient method which provided 
instantaneous information about the particle size distribution of the microspheres 
as they were made. The at-line set-up appeared to be superior to the in-line set-up 
in this particular application. Judicious data management and interpretation of 













The role of alginate as wall material in the formulation of fish-oil containing 
microspheres was investigated. Emulsion stability at oil loadings of up to 250 % 
was maintained on partial substitution of modified starch with alginate.  Yield and 
microencapsulation efficiency were correlated with the inlet temperature 
according to an inverse relationship.  
 
Alginate-containing microspheres were found to be able to encapsulate higher oil 
loadings than microspheres produced using modified starch alone as wall material. 
This effect was more apparent as oil loadings were increased to 150 % and above. 
Although microspheres produced from all the formulations appeared round with 
continuous but indented surfaces, those produced using a greater proportion of 
alginate, especially Manucol LB, had a lower degree of surface indentations and 
lower specific surface area. Microspheres produced from alginate-containing wall 
material were also larger and rounder. The flow properties of the microspheres 
were generally poor due to their small sizes, and this was exacerbated by the 
presence of large amounts of surface oil at high oil loadings. Yield was affected 
by a combination of factors including microsphere size and roundness, oil loading 
and flowability. Although both grades of alginate studied resulted in 
improvements in microsphere properties, Manucol LB appeared to be superior to 
Manugel LBB in these aspects.  
 
Microencapsulated fish oil was better protected against degradation than the 
unencapsulated form. This was especially so when a greater proportion of 
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Manucol LB was used in the wall material. The degradation kinetics of the 
microencapsulated oil was expressed according to the Weibull equation. The rate 
of degradation of microencapsulated oil was reduced with an increase in alginate 
content. The incorporation of alginate within the microsphere wall matrix also 
reduced the extent of oil leakage on compression of the microspheres. The 
alginate was able to impart greater mechanical strength to the microspheres, 
providing greater resistance to deformation on compression. This resulted in a 
lower extent of oil leakage. 
 
A feasibility study on the use of PAT for microsphere sizing during spray drying 
was conducted. The laser diffraction technique could be employed for in-line, at-
line and off-line particle sizing, with both advantages and limitations. In-line laser 
diffraction offered a rapid and convenient method which provided instantaneous 
information about the particle size distribution of the microspheres (primary 
particles and agglomerates) during the spray drying process. However, the at-line 
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Formulation Mean particle 
size (µm) 
Roundnessa BET specific 
surface area 
(m2/g) 
Yield (%) True densityb 
(g/cm3) 
Carr’s index 
C 13.8 (0.0) 1.15 1.42 (0.12) 74.4 (5.0) 1.25 53.8 
LB1 14.2 (0.1) 1.15 1.27 (0.08) 73.9 (5.2) 1.23 53.6 
LB5 15.7 (0.3) 1.14 0.92 (0.04) 75.2 (4.3) 1.24 52.8 
LB10 16.8 (0.3) 1.13 0.89 (0.03) 76.9 (4.3) 1.22 50.0 
LBB1 14.0 (0.1) 1.15 1.26 (0.03) 74.5 (4.8) 1.27 53.5 
LBB5 14.8 (0.2) 1.15 1.01 (0.05) 73.4 (4.9) 1.24 53.0 
LBB10 15.6 (0.1) 1.14 0.96 (0.05) 73.8 (4.8) 1.24 50.2 
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(B) 
Formulation Mean particle 
size (µm) 
Roundnessa BET specific 
surface area 
(m2/g) 
Yield (%) ME (%) True densityb 
(g/cm3) 
Carr’s index 
C 15.7 (0.0) 1.14 0.78 (0.07) 43.8 (5.9) 92.1 (0.0) 1.10 54.6 
LB1 15.9 (0.1) 1.14 0.75 (0.05) 45.6 (5.00 92.4 (0.1) 1.10 55.6 
LB5 17.0 (0.2) 1.14 0.70 (0.03) 60.2 (5.1) 94.5 (0.0) 1.10 53.4 
LB10 18.0 (0.3) 1.13 0.62 (0.03) 61.9 (4.4) 94.1 (0.1) 1.11 51.3 
LBB1 15.9 (0.2) 1.15 0.75 (0.03) 43.9 (5.2) 92.0 (0.2) 1.12 55.5 
LBB5 16.3 (0.2) 1.14 0.71 (0.05) 44.1 (5.1) 92.1 (0.0) 1.10 54.1 










Formulation Mean particle 
size (µm) 
Roundnessa BET specific 
surface area 
(m2/g) 
Yield (%) ME (%) True densityb 
(g/cm3) 
Carr’s index 
C 19.5 (0.4) 1.13 0.68 (0.04) 68.6 (5.8) 89.1 (0.1) 1.10 52.1 
LB1 19.2 (0.3) 1.13 0.63 (0.03) 69.4 (4.2) 90.3 (0.1) 1.10 52.7 
LB5 19.3 (0.3) 1.12 0.59 (0.03) 73.5 (4.3) 94.2 (0.0) 1.10 50.6 
LB10 19.3 (0.3) 1.13 0.56 (0.04) 75.6 (4.3) 94.1 (0.0) 1.10 48.8 
LBB1 19.1 (0.3) 1.13 0.68 (0.03) 68.9 (4.8) 90.0 (0.1) 1.10 53.3 
LBB5 19.2 (0.3) 1.13 0.68 (0.05) 69.2 (4.6) 91.9 (0.1) 1.11 51.9 








Formulation Mean particle 
size (µm) 
Roundnessa BET specific 
surface area 
(m2/g) 
Yield (%) ME (%) True densityb 
(g/cm3) 
Carr’s index 
C 18.9 (0.4) 1.13 0.66 (0.04)  47.8 (7.5) 75.8 (2.9) 1.06 52.5 
LB1 18.6 (0.3) 1.12 0.64 (0.02) 51.3 (5.8) 77.2 (2.0) 1.07 54.9 
LB5 19.1 (0.2) 1.10 0.54 (0.05) 65.5 (4.3) 83.0 (2.7) 1.07 53.0 
LB10 19.8 (0.3) 1.08 0.51 (0.05) 72.6 (4.5) 90.2 (2.1) 1.07 51.8 
LBB1 18.8 (0.3) 1.12 0.66 (0.03) 49.2 (5.2) 76.1 (3.4) 1.08 54.8 
LBB5 19.0 (0.4) 1.12 0.65 (0.00) 58.7 (4.9) 77.1 (2.8) 1.09 53.1 








Formulation Mean particle 
size (µm) 
Roundnessa BET specific 
surface area 
(m2/g) 
Yield (%) ME (%) True densityb 
(g/cm3) 
Carr’s index 
C 19.2 (0.5) 1.13 0.65 (0.04) 30.2 (8.8) 70.5 (2.4) 1.05 57.0 
LB1 19.3 (0.3) 1.12 0.65 (0.04) 32.7 (7.2) 72.6 (2.3) 1.05 57.1 
LB5 19.6 (0.3) 1.1 0.53 (0.03) 41.8 (6.3) 78.0 (2.8) 1.05 55.9 
LB10 20.1 (0.4) 1.07 0.51 (0.04) 50.3 (4.8) 86.3 (2.4) 1.05 53.8 
LBB1 19.1 (0.3) 1.12 0.66 (0.05) 29.6 (7.4) 71.3 (3.1) 1.06 58.0 
LBB5 19.3 (0.4) 1.12 0.66 (0.03) 32.0 (6.9) 72.3 (2.5) 1.06 55.5 








Formulation Mean particle 
size (µm) 
Roundnessa BET specific 
surface area 
(m2/g) 
Yield (%) ME (%) True densityb 
(g/cm3) 
Carr’s index 
C 19.3 (0.5) 1.13 0.65 (0.04) 16.7 (8.5) 57.4 (2.5) 1.04 65.2 
LB1 19.3 (0.3) 1.12 0.65 (0.03) 20.1 (8.0) 59.4 (2.4) 1.04 64.8 
LB5 19.8 (0.3) 1.1 0.52 (0.03) 33.4 (7.2) 67.3 (2.5) 1.04 60.1 
LB10 20.4 (0.3) 1.07 0.50 (0.03) 40.9 (6.0) 76.6 (2.6) 1.04 56.2 
LBB1 19.3 (0.4) 1.12 0.66 (0.04) 20.1 (8.1) 60.8 (2.8) 1.04 65.4 
LBB5 19.5 (0.3) 1.11 0.66 (0.03) 21.8 (7.7) 66.2 (2.4) 1.04 61.0 
LBB10 19.9 (0.4) 1.09 0.62 (0.02) 35.5 (7.0) 72.2 (2.5) 1.04 56.9 
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